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FOREWORD 


This  report  summarizes  an  evaluation  of  lubricants  for  spacecraft  applications  con¬ 
ducted  by  the  Materials  Sciences  Laboratory* 

Section  1  presents  information  on  the  performance  of  various  oils,  greases,  bonded 
solid  film  lubricants  (e.g. ,  molybdenum  disulfide),  and  special  self-lubricating  re¬ 
tainer  materials  (e.  g. ,  reinforced  Teflon)  on  instrument-size  ball  bearings  operating 
in  simulated  space  conditions  of  vacuum,  temperature,  and  radiation. 

Section  2  presents  information  on  the  performance  of  various  bonded  solid  film  lubri¬ 
cants  under  simple  sliding  conditions  in  air. 

In  both  sections,  the  data  are  complete  from  the  start  of  the  program  to  March  1,  1966. 

Appendix  A  discusses  the  friction  and  adhesion  of  metals,  with  particular  emphasis 
on  cold  welding.  Appendix  B  is  a  code  identifying  the  proprietary  lubricants  tested 
at  LMSC;  this  appendix  can  be  removed  for  distribution  outside  LMSC. 
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Section  1 

LUBRICANTS  FOR  INSTRUMENT-SIZE  BALL  BEARINGS 


1.1  SCOPE 

Experiments  have  been  conducted  to  evaluate  the  performance  of  various  types  of  lub¬ 
ricants  on  ball  bearings  operating  in  a  simulated  space  environment.  Lubricants 
evaluated  have  included  oils,  greases,  bonded  films  of  solid  lubricants  such  as  molyb¬ 
denum  disulfide,  and  composites  of  self-lubricating  materials  such  as  reinforced  Tef¬ 
lon.  The  lubricants  have  been  evaluated  on  lightly-loaded,  instrument-size  ball  bear¬ 
ings  operating  at  8000  rpm.  Simulated  space  conditions  have  included  vacuum  down 

-9  7 

to  10  torr,  temperatures  up  to  300°  F,  and  radiation  doses  up  to  4  x  10  roentgens. 

1. 2  LUBRICATION  WITH  OIL 


1.2.1  Oils 


I 


I 

i 

I 


Tests  have  been  completed  or  are  in  progress  on  33  different  mineral  and  synthetic 
oils,  as  follows: 


Code  No. 
O-l  to  0-9 
0-10  to  0-20 
0-21  to  0-26 
0-27  to  0-33 


Chemical  Type 
Petroleum 
Silicone 
Diester 

Other  synthetics 


Table  1-1  summarizes  information  on  the  chemical  types,  pour  points,  and  viscosities. 


Failures  have  occurred  in  as  little  as  164  hours,  while  cne  oil  was  still  lubricating 
satisfactorily  after  33, 649  hours.  *  Approximately  cne-half  of  the  oils  failed  to 

♦Test  results  are  current  to  March  1,  1966 
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Table  1-1 

IDENTIFICATION  OF  LUBRICATING  OILS  TESTED 


Code 

Chemistry 

Pour 

Point 

Viscosity  (centistokes) 
at  Temperatures  Indicated 

(°F) 

-40°  F 

100°F 

175°F 

300°F 

Petroleum  Oils 


0-1 

Paraffinic  oil  plus  oxidation 
inhibitor  and  load -carrying 
additive 

+10 

0-2 

Paraffinic  oil 

Below 

-65 

43,000 

83 

18 

4.6 

0-3 

Paraffinic  oil  (0-2)  with  oxidation 
inhibitor  and  load -carrying 
additive 

Below 

-65 

43,000 

83 

18 

4.6 

0-4 

Petroleum  oil 

+50 

8,500 

825 

0-5 

Petroleum  oil 

4,300 

430 

0-6 

Petroleum  oil 

97 

17.3 

0-7 

Petroleum  oil 

39 

8.5 

0-8 

Napthenic-base  oil  with  hindered - 
phenol  type  oxidation  inhibitor 

78 

13.7 

0-9 

Colloidal  dispersion  of  molybde¬ 
num  disulfide  in  petroleum  oil 

\ 


Silicone  Oils 


0-10 

Chlorophenylmethyl  polysiloxane 

1,000 

50 

20 

7.5 

0-11 

Chlorophenylmethyl  polysiloxane 
oil  (0-10)  with  50%  more  volatile 
fraction  removed  by  distillation 

0-12 

Molybdenum  disulfide  dispersion 

in  chlorophenylmethyl  polysiloxane 
oil  (0-10)  (2/3  oil,  1/3  M0S2  by 

volume) 

0-13 

Fluorosilicone  oil 

(26,000) 

140 

37 

9.5 

0-14 

Fluorosilicone  oil 

(300,000) 

500 

120 

25 

0-15 

High-phenyl  content  polysiloxane 

221 

41.5 

8.1 
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Table  1-1  (cont.) 


Code 


Chemistry 


Pour 

Point 

(°F) 


Viscc 
at  Tern 

>sity  (centistokes) 
peratures  Indicated 

-40°  F 

100°F 

175°F 

300CF 

Silicone  Oils  (cont.) 


0-16 

Dimethyl  polysiloxaue 

0-17 

low -phenyl  content  polysiloxane, 
stripped  of  light  ends 

0-18 

Medium-phenyl  content  polysiloxane 

0-19 

Methylphenyl  polysiloxane  with  35% 
more  volatile  fraction  removed  by 
distillation 

0-20 

Halogenated  phenylmethyi  poly¬ 
siloxane  plus  organometallic 
anti-wear  additives 

1,000 

60 

30 

12.5 

Diester  Oils 


0-21 

— 

Dioctyl  sebacate 

1,400 

12.7 

4.6 

0-22 

Diester  oil  meeting  MIL-L-6085 

13.5 

5 

0-23 

Dibasic  acid  ester 

12.6 

4.7 

0-24 

Dispersion  of  molybdenum  disulfide 
in  dibasic  acid  ester  0-23 

14 

5 

0-25 

Dibasic  acid  ester 

31 

6.9 

0-26 

Dispersion  of  molybdenum  disulfide 
in  dibasic  acid  ester  0-25 

34 

6.5 

Other  Synthetic  Oils 


0-27 

Trifluoromethyl-phenoxy-phenoxy- 

phosphonitrile 

270 

24 

4.4 

0-28 

Hexa-2-ethylbutoxy  disilcxane 

725 

32 

15.5 

6.4 

0-29 

15%  dioctyl  sebacate  ir  hexa-2- 
ethylbutoxy  disiloxane  -  28 

675 

24.4 

11.2 

4.4 

0-30 

Diphenylbis  -n-dodecylsilane 

38 

9.5 

0-31 

Triaryl  phosphate 

19 

5 

0-32 

Triaryl  phosphate 

47 

8.4 

0-33 

Isomeric  5-ring  polyphenyl  ether 

360 

26 

4.3 
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lubricate  in  vacuum  in  less  than  one-half  year.  Sufficient  tests  have  been  conducted 
to  demonstrate  the  feasibility  of  lubricating  small  ball  bearings  with  certain  oils  for 
3  years,  and  more,  of  continuous  operation  under  light  loads,  speeds  of  8090  rpm, 
temperatures  of  175*  F,  and  higher,  and  in  a  vacuum  of  10"8torr. 

1. 2. 2  Equipment  and  Procedures 

Before  detailed  results  from  these  studies  are  presented,  the  experimental  equipment 
and  procedures  are  described: 

Bearing  Types.  All  ball  bearings  were  standard,  deep-groove  (Conrad),  single-^ow, 
radial  type  of  die  P  '3  size  (0. 1875-inch  bore  x  0. 500-inch  O.  D. ),  and  had  metal, 
outer-race  contacting  shields.  Bearings  were  ABEC*  Class  7  quality  with  0. 0005  to 
0. 0008  inch  ratlin  clearance.  Both  440 C  stainless  steel  and  52100  chrome  steel 
bearings  were  tested.  Most  of  the  bearings  had  standard  machined,  two-piece,  rein¬ 
forced  Syn thane**  retainers,  as  shown  in  Figure  1-1,  or  standard,  ribbon-type  re- 
3  tamers  of  pressed  steel.  A  few  tests  with  special  one-piece  balanced  crown-type 

>  retainers  of  a  linen-base  phenolic  laminate,  shown  in  Figure  1-2,  were  unsuccessful. 

Tests  at  8000  rpm  indicated  that  the  machined  Syn  thane  retainers  were  superior  to  the 
steel,  ribbon-type  retainers.  No  difference  in  performance  between  440C  stainless 
steel  and  52100  chrome  steel  bearings  has  been  found  to  date. 

Lubricant  Applications.  Before  oil  was  applied  to  bearings  with  ribbon  retainers,  the 
bearings  were  run-in  with  a  light  viscosity  oil  for  24  hours  at  8000  rpm  and  then  ultra- 
sonically  cleaned.  The  amount  of  oil  for  testing  varied  from  25  to  50  mg.  Bearings 
with  Synthane  retainers  were  not  run-in  before  lubrication.  Approximately  50  mg  of 
the  test  oil  (range  from  15  to  90  mg)  was  vacuum  impregnated  into  the  retainer  of 
each  bearing  in  the  fully  assembled  condition.  Vacuum  impregnation  was  done  below 
100  microns,  either  at  room  temperature  (early  tests)  or  at  200° F  (since  June  1962). 


*ABEC  stands  for  Annular  Bearing  Engineers'  Committee 
♦♦Synthane  is  a  proprietary,  paper-base  phenolic  laminate 
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Fig.  1-1  Two-Piece,  Pinned  Phenolic  Retainer 
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No  oil  was  added  to  the  bearing  after  testing  had  begun,  the  object  of  the  tests  being  to 
determine  how  long  the  initial  supply  of  oil  was  adquate. 

Test  Fixtures.  Test  fixtures  were  fractional  horsepower  induction  motors  on  which 
the  ball  bearings  with  the  test  lubricants  were  conventionally  mounted  to  support  the 
rotor.  Both  bearings  on  any  one  motor  received  the  same  lubricant. 

Figure  1-3  shows  a  disassembled  motor  of  the  type  first  used.  The  motor  shaft  was 
machined  to  0. 1875  inch  diameter,  and  the  bearing  housings  were  opened  to  expose 
the  bearings  more  directly  to  the  vacuum.  The  exposed  stator  windings  can  be  seen 
in  the  photograph.  In  the  absence  of  convection  cooling,  the  motors  overheated  when 
operated  above  100  volts  in  vacuum.  Overheating  caused  excessive  outgassing  and 
breakdown  of  the  varnish  insulation  which,  in  turn,  short  circuited  the  stator  windings. 
Thereafter,  the  motor  voltage  was  kept  in  the  range  70  to  90  volts  during  operation  in 
vacuum.  This  type  of  motor  was  not  used  for  elevated  temperature  testing. 

Figure  1-4  shows  a  second  type  of  motor  being  used.  The  stator  on  this  motor  has 
been  " canned"  in  a  stainless  steel  jacket  to  prevent  outgassing,  and  Teflon  insulation 
is  used  on  the  stator  windings  so  that  the  motor  can  operate  at  higher  temperatures 
than  possible  with  the  first  motor.  This  motor  has  been  successfully  operated  in 
vacuum  for  over  4300  hours  at  a  bearing  temperature  of  300°  F. 

Figure  1-5  is  a  circuit  diagram  of  the  motor  control  panel.  The  circuit  for  each  motor 
was  fused  to  cut  off  the  power  to  the  motor  and  a  timer  when  the  rotor  stalled. 

Bearing  Loads.  The  radial  loads  on  the  bearings  are  those  due  to  the  weights  of  the 
rotors.  The  radial  loading  for  the  first  motor  was  155  to  166  grams  (5. 6  ounces); 
for  the  second,  270  to  280  grams  (9.7  ounces).  These  loads  are  divided  between  the 
two  bearings  and  are  of  the  same  order  of  magnitude  as  the  equivalent  radial  loads 
transmitted  to  the  bearings  when  the  torque  output  of  the  motors  is  transmitted  through 
small  gears,  as  in  fine-pitch  gear  trains  used  for  servomechanisms. 
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FOUR  SECTIONS  ASSEMBLED  PER 
SCHEMATIC  INTERCONNECTED 
AS  S-l  (COMMON,  AND  Pi 

0  TOTAL  PARALLEL  CAPACITY 
EQUALS  1.3*  „F 

FABRICATE  FROM  PS  1-273S-? 


UNLESS  O  THE  RUTS  £  DESIGNATED 
ALL  WIRT  MARKED  WITH  DASH 
NUMBERS  IS  PS  19J3;€4-XX-X 
ALL  UNMARKED  WIRE  IS  BELDEN 
-029-1000  BUSS  WIRE 

INSULATE  BUSS  WIRE  WHERE 
NECESSARY  %MNC  MD  20-22-9 
SLEEVJNL 

FABRICATE  FROM  PS  1-2725-3 


(3  MODIFY  SPRING  FOR  PULL-IN  AT 
LESS  THAN  9  V-<Jc 


0  USE  1613540-1  POST  FUZE 
EXTRACTOR 

BINDING  POSTS  ARE  PS-J-3749-X 


DESIGNATION 

VALUE 

RESISTORS 

R1  R2 

R3 

R4 

51  (1  PS  1614533-1 

100  n  LINEAR  POT 

SHUNT  RESISTOR  INCLUDED 
WITH  METER 

CAP.\CITOR> 
Cl  C4  CS 
C2  C3  C6 

c: 

o  52  J,  200  v  F71 

4  St  «4  200  V  UJ 

25  jif  50  mV  ELECTROLYTIC 

DIODES 

CR-1 

lM9t  OR  1N92 

RE  ms 

M 

KJ-A 

4PDT  115  V-ac  COJI 

SPST  24  V-dc  COIL  (T) 

1 1  ZFS 

12  13  14 

I5u  mA  Q] 

Fig .  1-5  Circuit  Diagram  of  Motor  Control  Panel 
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Vacuum  Systems.  After  a  set  of  motors  had  operated  for  several  hours  in  air  to  assure 
satisfactory  installation,  a  chamber  was  placed  over  the  motors  and  evacuated.  Most 
of  the  tests  with  oils  were  conducted  in  systems  employing  oil  diffusion  pumps  and 
liquid  nitrogen  traps  or  zeolite  traps,  and  a  number  of  tests  were  conducted  with  ion 
pumps.  No  effect  on  performance  was  noted  for  the  different  types  of  systems,  and 
tests  discussed  in  Section  1 . 3  indicated  that  oil  migration  had  no  effect  on 
performance. 

Figure  1-6  shows  a  typical  chamber  evacuated  by  a  6-inch  oil  diffusion  pump.  Eight 
motors  can  be  run  simultaneously  in  the  18-inch  diameter  x  30-inch  high  bell  jar  of 
this  system.  The  system  is  provided  with  a  liquid  nitrogen  trap  that  is  optically  tight 
and  is  so  designed  that  oil  from  the  diffusion  pump  would  have  to  migrate  over  a  sur¬ 
face  at  liquid  nitrogen  temperature  in  order  to  get  into  the  chamber.  Pressure  is 
measured  with  a  modified  Bayerd-Alpert  ionization  gauge  that  is  connected  to  the 
baseplate  by  0. 625-inch  inside  diameter  tubulation.  This  particular  unit  normally 

sustains  a  pressure  of  2  to  3  x  10~  torr  with  eight  motors  in  operation;  for  short 

-9 

periods,  it  has  operated  at  9  x  10  torr. 

Other  systems  evacuattd  by  oil  diffusion  pumps  maintain  pressures  during  testing  of 

-9  -7 

1  x  10  torr  (6  inch  D.  P. ,  stainless  steel  chamber)  to  2  x  10  torr  (4  inch  D.  P. , 

glass  bell  jar,  high-temperature  tests  with  greases).  The  lowest  pressure  maintained 

for  periods  of  several  hours  during  tests  with  oils  has  been  6  x  10  10  torr. 

Figure  1-7  shows  a  typical  chamber  evacuated  by  an  ion  pump.  Several  sizes  of 
chambers  and  pumps  have  been  used,  ranging  from  6  inches  inside  diameter  by  10 
inches  long  to  14  inches  inside  diameter  by  20  inches  long  stainless  steel  chambers 
and  90  to  360  litres/sec  pump  speeds.  Pressures  in  these  systems,  when  used  to 
evaluate  oils,  have  ranged  from  2  x  10  to  4  x  10  torr,  as  measured  by  the  pump 
current. 

Radiation.  Figures  1-8,  1-9,  and  1-10  show  the  test  fixture  used  1o  evaluate  lubri¬ 
cants  in  a  combined  environment  of  vacuum  and  radiation.  Three  motors  were  mounted 
on  a  support  rod  attached  to  the  end  flange  of  the  vacuum  chamber,  as  shown  in 
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Motor  Support  for  Vacuum-Radiation  Tests 
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Fig.  l-io  Test  Assembly  in  Cobalt-60  Coll  for  Vacuum  -Radiation  Tests 
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Figure  1-8.  The  motors  were  then  inserted  into  a  stainless  steel  chamber,  which  was 
evacuated  by  a  360  liter/second  ion  pump,  as  shown  in  Figure  1-9.  After  the  motors 
had  started  operating  in  vacuum,  the  assembly  was  wheeled  into  position  about  the 
Cobalt-60  radioisotope  source,  as  shown  in  Figure  1-10. 

The  lubricants  were  not  irradiated  continuously  during  testing,  as  periodically  the 
equipment  had  to  be  withdrawn  in  order  to  accommodate  other  tests.  Thus,  the 
average  dose  rates  over  the  total  test  duration  are  less  than  the  dose  rates  during 
actual  irradiation. 

At  the  start  of  the  first  test  under  combined  vacuum  and  radiation,  the  source  strength 
was  560  curies;  it  has  since  decayed  to  a  strength  of  approximately  400  curies.  As  a 
result,  dose  rates  have  decreased  from  4200  ±  10%  roentgens  per  hour  to  a  present 
rate  of  approximately  3000  roentgens  per  hour.  The  energy  of  the  two  gamma  rays 
emitted  from  the  Cobalt-60  source  are  at  1. 17  MeV  (million  electron  volts)  and  1. 33 
MeV,  giving  an  average  energy  level  of  1. 25  MeV. 

Camma  radiation  provides  suitable  simulation  of  space  radiation  for  these  tests. 
Organic  materials,  such  as  oils  and  greases,  undergo  both  radiation-induced  poly¬ 
merization,  leading  to  increases  in  viscosity,  and  fragmentation,  frequently  leading 
to  acidic  and  corrosive  products.  These  chemical  changes  are  initiated  by  ionization 
phenomena  caused  by  the  radiation.  Since  the  energy  required  to  form  an  ion  pair  is 
virtually  independent  of  the  energy  of  the  incident  radiation,  the  ionization  effects  can 
be  correlated  with  the  doses  absorbed  in  the  material.  Thus,  the  effects  of  gamma 
radiation  on  the  performance  of  oils  and  greases  can  be  directly  correlated  to  the 
effects  of  other  types  of  penetrating  radiation,  provided  that  the  effects  are  compared 
on  the  basis  of  the  absorbed  dose  and  the  dose  rate  is  not  so  high  as  to  cause  secondary 
effects,  such  as  overheating. 

Bearing  Speed.  Bearing  speed  was  8000  rpm  measured  periodically  with  a  Strobotac 
unit.  Rotation  was  unidirectional. 
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Bearing  Temperature.  Bearing  temperatures  were  measured  by  iron-constantan 
thermocouples  mechanically  attached  to  the  bearing  housings  and  ranged  from  160  to 
200°  F  in  most  tests.  Temperature  rise  above  ambient  was  due  to  the  frictional  heat¬ 
ing  of  the  bearings  and  power  losses  in  the  motor.  Lubricants  that  performed  well 
at  160  to  200°  F  were  tested  further  at  250°  F.  Figure  1-11  shows  one  of  the  two  test 
chambers  used  for  elevated  temperature  testing.  The  motors  are  surrounded  by 
cylinders  of  copper  sheet  which  are  heated  radiantly  by  Nichrome  wire  resistance 
heaters. 

Performance  Criteria.  The  two  criteria  used  to  evaluate  bearing  lubricants  are  the 
coast  time  and  the  lifetime.  The  coast  time  is  the  time  required  to  slowdown  from 
8000  rpm  to  a  full  stop  when  the  power  to  the  motor  is  cut  off.  The  coast  time  indi¬ 
cates  the  running  torque  of  the  pair  of  bearings  and  is  determined  about  once  a  week. 
Coast  times  were  recorded  (see  data  tables)  when  a  time  change  occurred  at  approxi¬ 
mately  500-hr  intervals  for  short  tests,  or  at  1000-hr  intervals  for  the  longer  ones. 

The  lifetime  was  the  period  of  operation  until  the  increase  in  bearing  torque  was  suf¬ 
ficient  either  to  stall  the  motor  or  to  prevent  its  being  restarted  after  measuring  the 
coast  time.  Stalling  doubled  the  motor  current  and  caused  circuit  fuses  to  blow, 
thereby  cutting  off  the  power  to  the  motor  and  its  associated  timer. 

1.2.3  Results  and  Discussion 

Table  1-2  presents  detailed  results  for  oils  that  provided  one  year,  or  more,  of  opera 
tion  under  the  normal  experimental  conditions,  and  Table  1-3  summarizes  results  for 
oils  that  failed  to  lubricate  in  less  than  one  year.  The  test  results  are  current  to 
March  1,  1966. 

Tests  are  indicated  to  be  failed,  still  running,  or  discontinued.  Discontinued  tests 
are  those  which  were  still  operating  well  at  the  time  the  test  was  discontinued. 


18 


LOCKHEED  M5SSIl.ES  &  SPACE  COMPANY 


Fig.  1-11  Assembly  for  Testing  in  Vacuum  at  Elevated  Temperatures 


Table  1-2 

TEST  RESULTS  FOR  BEST-PERFORMING  OILS 
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Table  1-3 


SUMMARY  OF  TEST  RESULTS  FOR  OILS  THAT  FAILED  TO  PROVIDE  ONE -YEAR 

LIFETIMES  IN  VACUUM 


Code 

Material 

Bearing 

Tj-pefa) 

Lifetime 

In  Vacuum 
(hr) 

Petroleum  Oils 

0-6 

Petroleum  oil 

3 

r/i3 

0-7 

Petroleum  oil 

9 

790 

0-8 

Naphthenic -base  oil  with  hindered -phenol  type 
oxidation  inhibitor 

4 

743 

0-9 

Colloidal  dispersion  of  molybdenum  disulfide  in 
petroleum  oil 

2938 

Silicone  Oils 

0-12 

Dispersion  at  molybdenum  disulfide  in  silicone  oil 

1 

177 

0-16 

Dimethyl  polysiloxane 

4 

345 

0-17 

Low  phenvl  content  polysiloxane  stripped  of  light  ends 

3 

1185 

0-18 

Medium  phenyl  content  polysiloxane 

4 

2603 

0-19 

Methylphenyl  polysiloxane  stripped  of  35%  more 

2 

458 

volatile  fraction 

4 

6066 

0-20 

Halogenated  phenylmethyl  polysiloxane  plus  organo- 
metallic  anti-wear  additives 

3 

2474 

Diester  Oils 

0-21 

Dioctyl  sebacate 

3 

3584 

4 

899 

0-22 

Diester -base  oil  meeting  MIL-L-6085 

4 

249 

4 

330 

4 

1409 
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Code 

Material 

Bearing 

Typefc) 

Lifetime 

In  Vacuum 
(hr) 

Diester  Oils  (cont.) 

0-23 

Diester  oil 

3 

801 

0-24 

Dispersion  of  molybdenum  disulfide  in  diester  oil 

4 

1766 

0-23 

0-25 

Diester  oil 

3 

2740 

0-26 

Dispersion  of  molybdenum  disulfide  in  diester  oil 

4 

2746 

0-25 

Other  Synthetic  Oils 

0-28 

Hexa-2  -ethylbutoxy  disiloxane 

1 

4244 

3 

5309 

0-29 

15%  dioctyl  sebacate,  85%  hexa-2-ethylbutoxy 

1 

359 

disiloxane 

3 

468 

Diphenylbis-n-dodecylsilane 

3 

1367 

0-31 

Triaryl  phosphate 

2 

164 

3 

rtt*  O 
fUO 

0-32 

Triaryl  phosphate 

4 

336 

0-33 

Isomeric  5-ring  polyphenyl  ether 

3 

2476 

(a)  1  -  440C  stainless  steel,  ribbon  retainers 

2  -  52100  chrome  steel,  ribbon  retainers 

3  -  440 C  stainless  steel,  Synthane  retainers 

4  -  52100  chrome  steel,  Synthane  retainers 
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Of  the  oils  tested  to  date,  the  fluorosilicone  oil  Code  0-13  (250  es)  has  achieved  the 
longest  operating  lifetime  in  vacuum;  bearings  lubricated  with  this  oil  are  still  opera¬ 
ting  after  33,649  hours  (approximately  3  years,  10  months).  Oil  0-14  (1000  cs),  a 
higher  viscosity  grade  of  die  same  oil,  failed  in  17,492  hours. 

Oil 0-10,  also  a  silicone  oil.  has  received  the  greatest  amount  of  testing,  and  has 

consistently  performed  for  more  than  one  year  in  vacuum  at  temperatures  up  to  250°  F 

when  used  with  standard,  Syn thane  retainers.  All  three  of  these  tests  survived  beyond 

13,000  hours  (one  year,  six  months).  An  early  test  with  this  oil  applied  to  a  pair  r 

bearings  with  steel,  ribbon-type  retainers  failed  in  4575  hours,  and  two  tests  with 

balanced,  crown-type  retainers  of  a  linen-base  phenolic  laminate  failed  in  7141  hours, 

or  less.  Two  tests  with  oil  0-10  oil  under  combined  radiation  and  vacuum  indicate 

1 

that  it  is  satisfactory  up  to  radiation  doses  of  at  least  4  x  10  roentgens. 

Two  modifications  of  oilO-10  oil  failed  to  improve  its  performance.  In  the  first  of 
these,  the  oil  was  molecularly  distilled  to  remove  the  50  percent  more  volatile  frac¬ 
tion  to  determine  whether  or  not  the  less  volatile  residue  would  operate  better  in 
vacuum.  Although  the  stripped  version  lubricated  well  in  air,  providing  a  lifetime  of 
19,  075  hours,  its  lifetime  in  vacuum  was  from  409  to  3335  hours,  which  is  substantially 
less  than  the  lifetime  of  the  unstripped  version  in  vacuum.  A  dispersion  of  molybdenum 
disulfide  powder  in  oil  0-10  was  also  unsuccessful,  failure  occurring  after  only  177 

1  f  , _ 

nOux  S  ci  cpci  diluii. 

Oil  O-l,  a  refined  petroleum  oil  with  additives  that  is  commonly  used  on  the  spin-axis 
bearings  of  gyroscopes,  has  also  performed  well.  One  bearing  failed  after  14,  340 
hours  under  the  normal  experimental  conditions,  and  two  other  pairs  of  bearings  are 
still  operating  in  vacuum  after  more  than  8900  hours  at  temperatures  up  to  250°  F. 
Another  pair  of  bearings  lubricated  with  oil  O-l  is  still  running  after  20,426  hours  of 

7 

combined  vacuum  and  radiation  to  4  x  10  roentgens.  The  O-l  oil  is  more  viscous 
"han  oil  0-10  (250  centistokes  versus  50  centistokes  at  room  temperature)  and  results 
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in  more  bearing  torque,  although  both  oils  provide  acceptably  low  bearing  torques  for 
most  applications.  At  subzero  temperatures,  however,  oil  0-10  would  be  definitely 
superior  to  oil  0-1  in  this  characteristic. 

Four  other  oils  that  have  performed  well,  both  from  the  standpoint  of  lifetime  and 
bearing  torque,  are  0-15  (a  nigh-phenyl  content  silicone  oil),  0-27  (a  phosphonitrile), 
0-2  (an  experimental,  refined  petroleum  oil),  and 0-3  (the  0-2  oil  with  additives).  The 
phosphonitrile  oil  is  especially  interesting  because  of  its  potential  as  a  high- 
temperature,  radiation-resistant  lubricant. 

Both  0-4  and  0-5  oils  have  also  provided  long  lifetimes,  in  excess  of  20, 000  hours  to 
failure,  but  they  are  too  viscous  to  be  considered  for  normal  use.  These  two  oils 
might  be  useful  in  equipment  operating  at  higher- temperatures,  provided  that  starting 
at  low  temperatures  was  not  required. 

The  results  of  diester  oils  are  also  noteworthy.  These  oils  are  used  in  the  MIL-L- 
6085  formulations  commonly  used  for  lubricating  instrument  mechanisms,  such  as 
tape  recorders,  that  are  housed  in  sealed  packages.  None  of  the  diester  oils  gave 
very  long  lifetimes  in  vacuum.  The  straight  diester,  dioctyl  sebacate  (Code  0-21), 
gave  the  longest  lifetimes  (3584  hours,  one  test;  899  hours,  second  test)  and  failures 
appeared  to  be  due  to  loss  of  lubricant.  The  compounded  diesters  meeting  the  MIL-L- 
6085  specification  (0-22  and  0-23)  gave  shorter  lifetimes  (249  to  1409  hours,  four 
tests),  and  the  failed  bearings  contained  abrasive  residues  and  were  worn.  A  specially 
formulated  diester  (0-25)  operated  a  little  better  (2717  hours,  test  discontinued). 

Bearings  with  machined  retainers  of  Synthane  have  had  longer  operating  times  than 
those  with  either  steel  ribbon  retainers  or  balanced,  crown-type  retainers  of  a  linen- 
base  phenolic  laminate.  This  is  demonstrated  by  the  results  with  the  0-10  oil. 

The  dominant  mode  of  failure  with  oils  has  been  the  partial  or  complete  loss  of  lub¬ 
ricant  with  resultant  wear  and  formation  of  fine  wear  particles,  principally  from  the 
retainer.  It  is  not  clear  whether  the  loss  of  lubricant  is  due  to  evaporation  or  creep- 
age,  although  it  is  worth  noting  that  no  general  correlation  has  been  found  between 
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vapor  pressure  and  lifetime  and  that  silicone  oils,  which  are  generally  regarded  as 
being  most  prone  to  creep  away  from  lubricated  areas,  have  given  excellent  lifetimes. 
A  second  failure  mode  has  been  the  partial  loss  of  oil  together  with  the  decomposition 
of  part  of  the  remainder,  leading  to  the  formation  of  large  oil  residue  particles  bonded 
together  with  retainer  wear  debris.  A  typical  failure  of  the  second  type  is  shown  in 
Figure  1-12;  these  bearings  had  been  lubricated  with  the  polypheny!  ether  (0-33)  and 
failed  at  2476  hours.  The  dryness  of  the  bearings  should  be  apparent  in  the  figure, 
and  strips  of  decomposed  lubricant  can  be  seen  between  the  shield  and  the  outer  race 
of  one  bearing. 

A  test  with 0-18  silicone  oil,  which  is  the  same  oil  as  used  in  the  diffusion  pumps,  gav 
a  lifetime  of  2603  hours  in  vacuum.  Thus,  even  under  the  most  favorable  conditions, 
the  diffusion  pump  oil  provides  a  lifetime  that  is  an  order  of  magnitude  less  than  that 
obtained  with  the  longest-lived  lubricants.  This  indicates  that  any  pickup  of  diffusion 
pump  oil  by  ball  bearings  under  test  must  be  extremely  slight  and  must  not  have  a 
significant  effect  on  the  test  results. 

In  another  test  to  verify  this  conclusion,  a  motor  with  two  unshielded,  dry  bearings 
with  Synthane  retainers  was  mounted  in  the  position  closest  to  the  pump  in  a  vacuum 
chamber  with  an  oil  diffusion  pump.  The  motor  was  allowed  to  remain  idle  in  this 
position  for  1000  hours,  which  should  have  been  sufficient  to  collect  a  significant 
amount  of  whatever  lubricating  vapors  were  present  in  the  system,  and  it  was  then 
turned  on  and  operated  until  failure.  The  bearings  failed  in  2400  hours,  and  both 
retainers  were  severely  worn.  A  second  motor  was  operated  in  a  similar  manner 
in  an  ion  pumped  system,  and  again  the  bearings  suffered  severe  retainer  wear  over 
a  period  of  2400  hours.  (Actually,  retainer  wear  in  the  ion  pumped  system  was 
slightly  less,  and  the  bearings  were  still  operating  after  2400  hours.) 

A  further  comparison  of  tests  conducted  in  oil  diffusion  pumped  systems  and  ion 
pumped  systems  indicates  that  the  test  results  have  not  been  affected  by  the  type  of 
vacuum  system  used. 
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Failed  Oil-Lubricated  Bearing 


Operation  in  vacuum  can  drastically  reduce  the  lubricant  lifetime  below  that  obtained 
for  operation  in  air.  This  is  shown  by  the  comparison  presented  in  Table  1-4.  Note 
that  the  first  failure  of  these  four  oils  in  air  occurred  after  more  than  two  years  of 
continuous  operation,  whereas  three  of  the  four  lubricants  failed  to  survive  five 
months  of  operation  in  vacuum  (in  fact,  one  lubricant  failed  in  slightly  less  than  two 
months  in  vacuum).  The  only  lubricant  in  this  series  of  tests  that  operated  for  an 
extended  time  in  vacuum  is  the  low-vapor  pressure  mineral  oil.  Code  0-4 ,  which  is 
too  viscous  for  normal  use.  These  results  demonstrate  that  in  order  to  lubricate 
equipment  satisfactorily  with  oils  for  long-time  operation  in  space,  either  the  devices 
must  be  housed  in  pressurized  and  sealed  containers,  some  means  of  lubricant  re¬ 
plenishment  must  be  provided,  or  the  lubricants  must  be  carefully  selected  from  those 
that  have  demonstrated  satisfactory  operation  in  vacuum. 

Generally,  ball  bearing  lifetime  with  oil  lubrication  increased  with  viscosity,  and 
the  increase  was  most  pronounced  at  low  viscosities.  This  is  shown  in  Figure  1-13, 
which  is  a  plot  of  operating  lifetime  against  oil  viscosity  (at  the  bearing  housing  tem¬ 
perature)  for  most  of  the  oils  tested.  For  any  specified  viscosity,  there  is  a  wide  range 
of  lifetimes.  The  curve  is  not  well  defined  for  viscosities  above  200  centistokes  be¬ 
cause  oils  with  these  viscosities  have  not  yet  resulted  in  failures,  but  the  curve  would 
probably  reach  a  maximum  lifetime  at  some  viscosity  around  100  centistokes.  Diester 
oils  generally  have  lifetimes  less  than  1000  hours,  and  Figure  1-13  suggests  that  this 
is  due  to  their  low  viscosity.  Some  of  the  long-lived  oils  would  have  very  limited 
applicability  because  of  their  high  viscosities  and  pour  points.  The  existence  of  a 
correlation  between  1  ifetime  and  viscosity  suggests  that  hydrodynamic  films  are  an 
important  mode  of  lubrication  under  the  conditions  tested  here.  However,  the  wide 
scatter  in  lifetimes  at  a  given  viscosity  indicates  that  other  factors,  such  as  boundary 
lubrication,  are  also  important. 

Attempts  to  correlate  lubricant  lifetime  in  vacuum  with  vapor  pressure  have  been 
very  unsatisfactoi  .  Increases  of  lifetime  with  increasing  vapor  pressure  that  have 
been  observed  for  families  of  oils  may  actually  be  due  to  accompanying  increases 
in  viscosity.  For  example,  Figure  1-14  is  a  plot  showing  the  vapor  pressure  and 
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Table  1-4 

OPERATING  LIFETIME  OF  LUBRICATING  OILS  ON  BALL  BEARINGS  IN  AIR 

AND  VACUUM 


Operating  Conditions  and  Lifetimes^ 

Code 

Lubricating  Oil 

Air 

Vacuum 

0-4 

Low  vapor  pressure  mineral 
oil 

24,383  hr,  SR^) 

20,019  hr,  SR(e> 

O-10 

Silicone  oil,  distilled  to 
remove  volatiles 

19,075  hr,  failed 

3,335  hr,  failed 

0-33 

Polyphenyl  ether 

24,354  hr,  SR<C> 

2,476  hr,  failed 

0-30 

Dipheny  1-bis  -n-dodecy  lsilane 

24,339  hr,  SR<d> 

1,367  hr,  failed 

(a)  Vacuum  was  4  x  I0~7  to  3  x  10"8  torr;  Speed  was  8,000  rpm;  Bearings 
were  R-3  size,  440C  stainless  steel;  Synthane  retainers,  double  shielded; 
SR  =  Still  running  when  tests  were  discontinued  at  times  indicated. 

(b)  One  bearing  was  dry  and  its  retainer  was  badly  worn  after  24,383  hr;  other 
bearing  still  had  small  amount  of  oil  left  and  was  beginning  to  wear. 

(c)  Both  bearings  still  in  excellent  condition  with  50%  or  more  of  original 
amount  of  oil  remaining. 

(d)  Both  bearings  almost  dry  and  retainers  badly  worn. 

(e)  Both  bearings  still  in  good  condition  with  no  significant  increase  in  torque. 
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VISCOSITY  AT  BEARING  HOUSING  TEMPERATURE  (centistokes) 


Fig.  1-13  Lifetime  and  Correlation  Between  Viscosity  for  Various  Oils 
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lubricating  lifetimes  in  vacuum  for  four  oils  of  a  family  of  highly  refined  mineral  oils 
plotted  as  functions  of  viscosity.  Although  the  data  on  vapor  pressures  is  accurate 
only  to  within  an  order  of  magnitude,  there  does  appear  to  be  a  trend  for  longer  life¬ 
times  to  be  associated  with  lower  vapor  pressures.  However,  the  lower  vapor  pres¬ 
sures  are  also  associated  with  higher  viscosities,  and  it  may  be  that  the  variations 
in  viscosity  is  the  dominant  factor  here  in  controlling  the  lifetime  and  that  the  varia¬ 
tions  in  vapor  press-ire  have  a  secondary  or  minor  effect  on  lifetime.  This  is  also 
borne  out  by  the  results  of  two  tests  on  two  grades  of  fluorosilicone  oil,  0-13  and 
0-14.  Although  vapor  pressure  data  are  unavailable  on  these  two  oils,  the  vapor 
pressure  of  the  1000-centistoke  grade  is  probably  lower  than  that  of  the  250-centistoke 
grade,  yet  the  lifetime  of  the  250-centistoke  grade  is  longer.  This  also  argues  that 
viscosity  has  a  more  important  effect  on  lifetime  than  vapor  pressure.  More  data  on 
vapor  pressure,  viscosity,  and  lubricant  performance  are  needed  to  test  possible 
correlations  here. 

Halogenated  and  high-phenyl  silicone  oils  have  given  longer  lifetimes  in  vacuum  than 
either  dimethyl  or  phenylmethyl  silicone  oils  with  low  or  medium  phenyl  contents,  as 
indicated  in  Figure  I-15.  This  observation  supports  the  conclusion  that  increasing 
the  polarity  of  the  oils  increases  the  tenacity  with  which  they  attach  themselves  to 
metal  surfaces  and  provides  better  lubricant  films.  Dimethylsilicone,  being  a 
symmetrical  chain  molecule,  has  the  lowest  polarity  of  the  oils  indicated  in 
Figure  1-15.  Replacing  some  of  the  methyl  groups  with  phenyl  groups  gives  higher 
polarity,  and  partial  halogenation  of  the  phenyl  group  gives  the  highest  polarity  of  all. 
The  improved  performance  in  vacuum  noted  with  increasing  polarity  roughly  parallels 
similar  improvements  in  air. 

Attempts  to  find  a  measure  of  "lubricity  "  against  which  to  correlate  bearing  per¬ 
formance  have  been  limited  by  the  lack  of  consistent  data  on  "lubricity."  Figure  1-16, 
for  example,  shows  an  attempt  to  correlate  lifetime  with  the  results  of  Shell  4-ball 
tests.  Results  of  Shell  4-ball  tests  for  the  same  conditions  of  testing  are  very  limited, 
and  Figure  1-16  contains  data  for  only  three  oils.  The  three  points  show  no  correla¬ 
tion  between  lifetime  and  scar  diameter,  indicating  that  this  type  of  test  may  very  well 
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Fig.  1  - 15  Effect  of  Silicone  Oil  Composition  on  Bearing  Lifetime  in  Vacuum 
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SCAR  DIAMETER  (mm) 
(167°F.  1200  rpm,  2  hr,  4  kg  lead) 


Fig.  1 


16  Relationships  Between  Oil  Lubricity  (as  Measured  by  Sear  Diameter) 
Lifetime,  and  Viscosity 
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not  provide  a  satisfactory  measure  of  lubricity  for  correlating  with  ball  bearing  per¬ 
formance.  The  auxiliary  plot  of  viscosity  vs  scar  diameter  on  Figure  1-16  verifies 
that  viscosity  and  scar  diameter  do  not  correlate  (as  expected,  since  the  4-ball  tests 
measure  properties  of  the  boundary  film  rather  than  the  hydrodynamic  film)  but  that 
the  lifetime  depends  more  on  viscosity  than  on  the  results  of  the  4-ball  tests. 

1 . 3  LUBRICATION  WITH  GREASE 


1.3.1  Greases 


Tests  on  greases,  similar  to  those  on  oils,  have  been  conducted  to  evaluate  their 
performance  in  vacuum.  Tests  have  been  completed  or  are  in  progress  on  15  different 
greases  of  the  following  types: 


Code  No. 

G-l  to  G-4 
G-5  toG-14 
G-15 


Chemical  Type 
of  Base  Oil 

Petroleum 

Silicone 

Diester 


Tables  1-5  and  1-6  include  a  more  complete  description  of  the  base  oil  and  thickeners 
used  in  the  greases  tested. 


Lifetimes  have  varied  from  340  hours  (2  weeks)  to  over  33,000  hours  (3  yrs  10  months). 

Approximately  one-half  of  the  greases  tested  failed  in  less  than  6  months. 

1.3.2  Equipment  and  Procedures 

The  experimental  equipment  and  procedures  used  with  the  greases  were  similar  to 

those  described  earlier  for  oils,  with  the  following  exceptions: 

1.  All  but  a  few  bearings  were  of  4400C  stainless  steel  and  had  ribbon  type 
retainers  and  double  shields.  Two  pairs  of  bearings  were  run  without 
shields  in  an  atmosphere  of  90  percent  Ng  -  10  percent  He  at  one  atmo¬ 
sphere  pressure.  Another  two  pair  of  bearings  was  provided  with  rubbing 
seals  of  Teflon. 
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2.  The  amount  of  grease  per  bearing  varied  from  40  to  111  mg. 

3.  In  addition  to  tests  at  average  temperatures  of  155  to  190*  F,  tests  at 
225  and  300*  F  are  being  conducted.  These  tests  use  radiant  heaters 
attached  to  the  motors. 

1. 3. 3  Results  and  Discussion 

Table  1-5  summarizes  test  results  for  seven  greases,  none  of  which  provided  six 
months  of  operation.  Table  1-6  presents  detailed  results  for  eight  greases  that  pro¬ 
vided  one  year,  or  more,  of  operation  under  normal  test  conditions. 

Greases  based  on  halogenated  silicones  and  phenvlmeth3rl  silicones  have  given  the 
longest  operating  times  in  vacuum,  including  operation  in  vacuum  at  moderately  ele¬ 
vated  temperatures  and  exposed  to  gamma  radiation.  They  have  also  operated  with 
acceptably  low  torque  levels  at  the  test  temperatures. 

Of  the  greases  tested  to  date,  the  silicone-base  grease  G-8  has  achieved  the  longest 
operating  lifetime  in  vacuum.  A  single  pair  of  bearings  lubricated  with  this  grease 
are  still  operating  satisfactorily  after  33, 100  hours  (3  years,  9  months). 

Grease  G-5,  also  a  silicone-base  grease,  has  received  the  greatest  amount  of  testing. 
Eight  tests  have  been  completed  in  vacuum,  two  of  these  being  in  a  combined  vacuum 
and  radiation  environment.  One  test  in  vacuum  at  about  175°  F  gave  satisfactory  per¬ 
formance  for  23, 829  hours,  at  which  time  the  test  was  discontinued;  one  test  in 
vacuum  at  225° F  failed  in  22,694  hours;  and  one  test  ir.  vacuum  at  about  300° F  failed 
after  4359  hours.  From  these  results,  it  appears  that  lifetimes  of  two  years,  and 
more,  are  possible  in  vacuum  up  to  temperatures  of  225° F,  but  that  shorter  lifetimes 
result  at  higher  temperatures.  Under  a  combined  vacuum  and  radiation  environment, 
lifetimes  beyond  one  year  at  temperatures  up  to  at  least  175°  F  and  radiation  doses 

7 

up  to  10  roentgens,  at  least,  appear  reasonable.  Two  additional  tests  in  vacuum 
alone  were  run  with  the  Code  G-5  grease  in  bearings  with  Teflon  seals;  both  of  these 
tests  failed  due  to  electrical  malfunction,  which  overheated  the  motors  and  degraded 
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Table  1-5 


TEST  RESULTS  FOR  GREASES  THAT  FAILED  TO  PROVIDE 
SIX-MONTHS  LIFETIME  IN  VACUUM 


Code 

Material 

Lifetime 

(hr) 

G-2 

Petroleum  oil  with  sodium  stearate 
thickener 

969 

G-3 

Petroleum  oil  with  complex  calcium 
soap  thickeners 

1,866 

G-4 

Petroleum  oil  with  sodium  soap 
thickener 

3,160 

G-12 

Fluorosilicone  oil  with  soap  thickener 

3,797 

G-13 

Fluorosilicone  base  grease 

340 

G-14 

High  vacuum  silicone  grease 

485 

G-15 

1 _ 

MIL-G-3278  grease  (diester  oil  with 
lithium  soap  thickener) 

3,820 
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Table  1-6 

TEST  RESULTS  FOR  BEST-PERFORMING  GREASES 
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the  grease.  Finally,  two  tests  on  this  grease  have  bees  conducted  in  an  atmosphere 
of  90  percent  nitrogen  —  10  percent  helium  at  one  atmosphere  pressure;  both  of  these 
tests  were  discontinued  after  4652  hours,  with  ail  bearings  satisfactory  and  the  grease 
unchanged.  (The  fine,  black  debris  at  the  edges  of  the  Inner  surf?  ee  of  the  outer  race 
of  one  of  the  bearings  indicates  fretting  wear  was  occurring  between  the  bearing  and 
mounting,  probably  due  to  improper  fitting.) 


Two  tests  on  grease  G-6  have  operated  in  vacuum  without  failure  for  more  than  two 
years,  with  a  good  portion  of  one  test  being  at  a  temperature  of  250°  F.  In  a  combined 
vacuum  and  radiation  environment,  this  grease  failed  in  55lS  hours  (about  7.5  months) 

7 

and  a  dose  of  about  1. 7  x  10  roentgens,  at  which  point  the  grease  in  one  bearing  had 
decomposed  to  a  dry,  sandy  residue. 

Grease  G-l  is  the  only  petroleum-base  grease  that  has  survived  over  one  year  in 
vacuum.  Two  tests  with  this  grease  were  discontinued  after  2063  and  2064  hours  in 
vacuum,  at  which  time  the  bearings  were  still  operating  satisfactorily,  even  though 
the  grease  had  hardened  to  a  w'ax-like  consistency  and  coast-down  times  varied 
widely.  A  third  test  in  vacuum  was  stopped  after  13, 362  hours  due  to  motor  whine. 

The  bearings  have  not  yet  been  examined  to  determine  their  condition,  but  there  was 
a  significant  loss  in  their  coast-down  time  after  about  4  months  of  operation  in  vacuum. 
Two  additional  tests  have  been  run  in  an  atmosphere  of  90  percent  nitrogen  —  10  per¬ 
cent  helium;  the  bearings  in  both  of  these  tests  were  still  operating  satisfactorily  and 
the  grease  appeared  unchanged  when  these  tests  were  discontinued  after  4652  and 
4660  hours. 


A  single  pair  of  bearings  lubricated  with  diester  grease  meeting  the  MIL-G-3278 
specification  (G-15)  failed  after  3820  hours  in  vacuum.  This  is  somewhat  better  than 
the  lifetimes  achieved  with  diester  oils  in  vacuum,  although  the  performance  is  again 
poorer  than  the  silicone-  or  petroleum -base  lubricants. 
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Most  failures  were  due  to  loss  of  oil  from  the  grease  thickener  resulting  in  clogging 
of  the  bearing-  Figure  1-17  shows  results  of  a  failure  of  the  Code  G-5  grease.  After 
9612  hours  of  operation,  the  grease  had  darkened  and  hardened,  as  shown,  in  the 
photograph,  so  that  <»ie  bearing  was  frozen  tight  and  the  torque  of  the  other  had  in¬ 
creased  to  two  ox  three  times  its  original  value. 

1.4  LUBRICATION  WITH  BONDED  FILMS  OF  SOLID  LUBRICANTS 

1. 4. 1  Bonded  Films 

Tests  have  been  completed  cm  ball  bearings  lubricated  with  10  different  bonded  films 
of  solid  lubricants,  most  of  them  containing  molybdenum  disulfide.  Table  1-7  indi¬ 
cates  die  compositions  of  the  films  tested.  [Three  of  these  lubricants  have  also  been 
tested  under  sliding  friction  conditions  (Section  2).  j  Lifetimes  in  vacuum  have  ranged 
from  as  short  as  7. 8  hours  to  as  long  as  2554  hours  (less  than  3. 5  months),  except 
for  one  test  that  had  additional  lubrication  from  a  Teflon  retainer. 

1.4. 2  Equipment  and  Procedures 

The  experimental  equipment  and  procedures  used  to  evaluate  bonded  films  of  solid 
lubricants  were  similar  to  those  described  earlier  for  the  tests  with  oils,  with  the 
following  exceptions: 

1.  All  bearings  were  of  440C  stainless  steel,  deep-groove  type,  unshielded. 
Most  of  the  bearings  had  steel,  ribbon-type  retainers,  and  a  few  of  them 
had  retainers  of  Synthane  or  Teflon. 

2.  The  films  were  applied  to  the  bearing  parts  by  the  film  vendors,  and  the 
bearings  were  then  assembled  by  the  bearing  manufacturer.  The  film  was 
applied  only  to  the  races  and  retainers  in  some  cases,  to  the  races  and 
balls  in  other  cases,  and  to  all  parts  in  still  other  cases.  The  bearings 
were  rough  and  tight  before  testing;  to  improve  their  performance,  the 
bearings  were  operated  back  and  forth  slowly  by  hand  and  blown  out  with 
clean.,  dry  gas.  This  hand  operation  was  repeated  several  times.  After  the 
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Fig.  1-17  Failed  Grease-Lubricated  Ball  Bearing 
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Table  1-7 

DRY  FILM  LUBRICANTS  TESTED 


Code 

Description 

Tested  on 
Ball  Bearings 
{Section  1) 

Tested  in 
Sliding  Friction 
(Section  2) 

S-l 

Coating  of  molybdenum  disulfide  allied 
over  silver  matrix 

yes 

yes 

S-2 

Sodium  silicate  bonded  molybdenum 
disulfide 

yes 

yes 

S-3 

Ceramic  bonded  molybdenum  disulfide 

no 

yes 

S-4 

Molybdenum  disulfide  bonded  by  low 
temperature  curing  ceramic 

yes 

no 

S-5 

Molybdenum  disulfide  bonded  by  low 
temperature  curing  ceramic 

yes 

no 

S-6 

Silicone  bonded  molybdenum  disulfide 

no 

yes 

S-7 

Epoxy  bonded  molybdenum  disulfide 

yes 

no 

S-S 

Proprietary  coating 

yes 

no 

S-9 

Molybdenum  disulfide  "soft’’  coating 

yes 

no 

S-1C 

Molybdenum  disulfide  ,:hard"  coating 

yes 

no 

S-ll 

Proprietary  molybdenum  disulfide  coating 

no 

yes 

S-l  2 

Plated  molybdenum  disulfide 

no 

yes 

S-13 

Molybdenum  disulfide  powder  applied  by 
burnishing 

yes 

no 

S-14 

Graphite  applied  by  impingement  process 

yes 

yes 

S-15 

Proprietary  coating 

no 

yes 
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hand  operation,  tie  bearings  were  operated  at  4  rpm  for  approximately 
10  minutes.  This  low-rpm  run-in  operation  was  repeated  several  times 
until  the  bearing  had  run  30  to  60  minutes.  The  procedure  was  repeated  at 
8000  rpm  for  20  to  30  minutes.  After  run-in,  the  bearings  rotated  smoothly 
with  low  torque. 

3.  Start-stop-reverse  tests  were  conducted  as  well  as  unidirectional  tests.  In 
the  start-stop-reverse  tests,  the  bearings  were  operated  on  a  cycle  of  52 
minutes  at  8000  rpm  in  oat  direction,  8  minutes  with  the  power  off,  then 
52  minutes  at  8000  rpm  in  the  opposite  direction,  8  minutes  with  the  power 
off  again,  then  repeat. 

4.  All  tests  were  conducted  in  ion  pumped  systems. 

1.4.3  Results  and  Discussion 

Table  1-8  presents  detailed  results  for  the  two  bonded  films  that  performed  best  on 
ball  bearings,  and  Table  1-9  summarizes  results  obtained  with  the  other  films  tested. 
The  performances  of  the  bonded  solid  films  on  instrument-size  ball  bearings  have 
been  relatively  poor;  these  lubricants  are  characterized  by  short  lifetimes  and  poor 
reproducibility. 

Lubricant  S-l  (a  coating  of  molybdenum  disulfide  over  a  silver  matrix)  has  given  life¬ 
times  over  1000  hours  in  vacuum,  including  start-stop-reverse  conditions  of  testing, 
when  applied  to  the  races,  retainers,  and  balls;  when  applied  to  the  races  and  re¬ 
tainers  only,  lifetime  in  vacuum  was  reduced  to  457  hours.  Lifetimes  with  S-l  and 
with  retainers  of  Teflon  or  Synthane  are  better  than  with  steel,  ribbon-type  retainers, 
but  not  as  good  as  achieved  with  the  reinforced  Teflon  retainers  alone  (see  Section 
1.5).  Operation  in  air  has  been  better  than  in  vacuum. 

Lubricant  S-2  (a  coating  of  molybdenum  disulfide  bonded  with  sodium  silicate)  has 
given  a  lifetime  of  2213  hours  in  vacuum  (one  test  with  159-gram  rotor,  motor  type  1), 
but  generally  its  lifetimes  have  been  considerably  shorter  and  have  varied  unpredictably. 
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TEST  RESULTS  FOR  BEST  PERFORMING  DRY  FILM  LUBRICANTS 
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Table  1-8  (cont.) 
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Table  1-8  (cont.) 
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All  3  failures  were  due  to  broken 
retainers . 


Table  1-8  (cont.) 
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Table  1-9 


TEST  RESULTS  FOR  DRY  FILM  LUBRICANTS  THAT  GAVE 
LIMITED  PERFORMANCE  OS  BALL  BEARINGS 


Code 

! 

j 

Material 

Lifetime 

(hr) 

S-4 

Molybdenum  disulfide  bonded  with  low 
temperature  ceramic  to  races  and 
retainers 

135 

Bonded  to  races,  retainers,  and  balls 

29 

S-5 

Molybdenum  disulfide  bonded  with  low 
temperature  ceramic  to  races  and 
retainers 

157 

Bonded  to  races,  retainers,  and  balls 

27 

S-7 

Epoxy  bonded  molybdenum  disulfide 
applied  to  races  and  retainers 

One  bearing  failed  at 

308  hr;  second  at 

467  hr 

771  hr  (start-stop-reverse 
test) 

88 

Applied  after  special  surface 
treatment 

305  (start-stop-reverse 
test) 

S-8 

Proprietary  coating  applied  to  races 
and  retainers 

One  bearing  failed  at 

166  hr;  second 
satisfactory 

Applied  to  races,  retainers,  and  balls 

209 

S-9 

Molybdenum  disulfide  "soft*1  coating 
applied  to  races  and  retainers 

230 

F-7  applied  to  races,  retainers,  and 
balls 

213 

S-10 

Molybdenum  disulfide  ’’hard”  coating 
applied  to  races  and  retainers 

296 

S-13 

F-8  applied  to  races,  retainers,  and 
balls 

220 

S-14 

Graphite  applied  to  races  and 
retainers  by  impingement  process 

One  bearing  failed  at 

8  hr;  second  at  670  hr 

10  (start-stop-rever.se 
test) 

88 
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Failures  with  bonded  solid  films  have  been  due  primarily  to  wear -through  of  the  film 
and  to  the  resultant  wear  of  the  retainer  and  enlargement  of  the  ball  pocket.  In  some 
cases  the  retainers  have  broken  and,  in  a  few  cases,  the  balls  have  come  out  of  the 
retainers.  Figure  1-18  illustrates  a  typical  failure  of  bearings  lubricated  by  applica¬ 
tions  of  S-l  to  the  races,  retainers,  and  balls.  Failure  occurred  at  1533  hours,  and 
the  split  retainer  and  shiny  races  and  balls  indicate  wear-through  of  the  film.  The 
other  bearing  was  in  satisfactory  condition  and  could  have  continued  in  operation. 

1.5  SPECIAL  RETAINER  MATERIALS 

1.5.1  Materials 

Ten  different  special  retainer  materials  have  been  tested  for  use  with  ball  bearings 
under  vacuum  conditions;  these  include  both  reinforced  plastics  and  powder  metal  com¬ 
posites,  some  inherently  self-lubricating  and  others  impregnated  with  oil  to  make  them 
self-lubricating.  Tables  1-10  and  1-11  indicate  the  materials  tested,  along  with  the 
test  results. 

1.5.2  Equipment  and  Procedures 

The  experimental  equipment  and  procedures  used  to  evaluate  the  special  retainer 
materials  were  similar  to  those  described  earlier  for  the  tests  with  oils ,  with  the 
following  exceptions: 

1.  All  bearing  were  of  the  angular  contact  type  and  had  machined,  single-piece 
retainers  of  the  special  materials.  Bearing  races  and  balls  were  of  440C 
stainless  steel ,  and  both  double  shielded  and  unshielded  bearings  were  used. 
Bearing  size  was  R-3  as  before.  There  was  no  run-in  before  testing. 

2.  All  bearings  were  tested  in  the  second  type  of  motor,  with  radial  loads 
applied  by  the  rotor  weight  of  275  grams .  Axial  load  was  varied  from  zero 
to  one  pound  by  means  of  cupped  washers  inserted  in  the  bearing  housings. 

3.  All  tests  were  conducted  in  ion-pumpec  systems. 

4.  Start-stop-reverse  tests,  similar  to  those  with  bonded  molybdenum  disulfide 
films  were  conducted  as  well  as  unidirectional  tests. 
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Table  1-10 

TEST  RESULTS  WITH  BEST-PERFORMING  SPECIAL  RETAINER  MATERIAL 

(Material  code  R-l,  reinforced  Teflon;  all  tests  conducted  with  machined 
retainers  of  P-1  material  in  angular  contact  ball  bearings  with  balls  and 
races  of  440C  stainless  steel;  bearings  were  installed  in  motors  with  274- 
gram  average  weight  rotors) 


Axial  Thrust 
Load 
(lb) 

Bearing 

Housing 

Temperature 

(°F) 

Pressure 

(Torr) 

Coast 

Time 

(minrsec) 

Elapsed 

Test 

Time 

(hr) 

Recults 

1/4 

125  to  210 

4  x  10~7 

2:35 

62 

Discontinued  at  12,636  hr. 

to  -8 

3:17 

400 

Bali  pockets  of  both 

2x  10 

3:35 

843 

retainers  were  worn  oval 

4:09 

2,007 

with  a  build-up  of  wear 

2:26 

3,324 

debris  at  edge  of  ball 

2:09 

4,320 

pocket. 

2:40 

5,137 

3:10 

6,091 

3:00 

7,121 

3:40 

8,084 

3:43 

9,115 

5:17 

10,414 

5:28 

12,108 

4:51 

12,636 

1/4 

125  to  180 

5  x  10-7 

1:39 

214 

Failed  at  8,624  hr  (start- 

t0  -8 

1:46 

1,220 

stop-reverse  test) .  Ball 

6  x  10 

3:02 

1,491 

pockets  of  both  bearing 

4:33 

2,378 

retainers  worn  oval .  Wear 

15:38 

3,930 

debris  from  the  retainer 

10:36 

4,195 

apparently  jammed  the 

3:50 

4,434 

bearings .  Bearing  re- 

3:45 

5,466 

started  in  vacuum  satisfac- 

3:25 

6,831 

torily  several  times  after 

2:44 

7,977 

being  held  in  a  non-rotating 

condition  for  periods  up  to 

3  weeks. 

No  load  for 

145  to  170 

4  x  10"6 

279 

Failed  at  3 , 180  hr .  Ball 

first  518  hr; 

to  R 

446 

pockets  of  both  retainers 

1  lb  for 

6  x  10 

8:42 

547 

worn  oval . 

remainder 

3:01 

835 

of  test 

8:44 

1,355 

(2,662  hr) 

11:28 

2,311 

8:42 

2,863 

2:18 

3,150 
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Table  1-10  (cont.) 


Axial  Thrust 
Load 
(lb) 

Bearing 

Housing 

Temperature 

(°F) 

Pressure 

(Torr) 

Coast 

Time 

(min:sec) 

Elapsed 

Test 

Time 

(hr) 

Results 

1/4 

90  to  140 

760 

1:12 

212 

Test  discontinued  after 

1:39 

1,042 

30 , 050  hr  with  both  bear- 

2:12 

2,052 

ings  still  in  operable 

2:57 

2,946 

condition.  Ball  pockets 

4:18 

4,358 

of  retainers  were  enlarged 

3:20 

5,123 

but  not  broken.  Motor  was 

2:41 

6,091 

filled  with  wear  debris  from 

3:55 

7,004 

the  retainer. 

4:23 

7,960 

2:55 

8,465 

4:07 

13,011 

4:45 

14,210 

4:43 

15,270 

5:36 

16,347 

5:42 

18 , 142 

5:23 

19,870 

5:14 

21,666 

5:09 

22,775 

4:49 

28,776 

1/2 

130  to  145 

1  x  10'7 

6:15 

209 

Failed  at  10,771  hr.  One 

to 

3  x  10 

5:55 

1,045 

retainer  had  several  ball 

4:48 

2,047 

pockets  worn  into  one 

4:03 

3,049 

another  and  the  retainer 

4:08 

4,194 

was  broken  in  two  places. 

3:49 

5,034 

Second  retainer  was  simi- 

3:26 

6,164 

lar  to  the  test  at  1/4  above 

4:03 

7,097 

with  the  ball  pockets  worn 

2:30 

7,963 

slightly  more. 

2:31 

9,004 

2:25 

10,051 

0:24 

10,698 

1 

125  to  140 

1  x  IQ"7 

0:43 

209 

Discontinued  at  11,248  hr. 

to  g 

3  x  10 

6:28 

568 

Retainers  of  both  bearings 

4:00 

1,044 

were  worn  oval  with  a 

7:13 

1,885 

build-up  of  wear  debris  at 

11:50 

2,046 

the  edges  of  the  ball 

5:18 

4:15 

2,881 

3,697 

pockets. 

4:22 

4,673 

4:15 

5,704 

3:34 

6,667 

3:47 

7,697 

5:10 

9,021 

4:55 

10,721 

4:08 

11,248 
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Table  1-11 

TEST  RESULTS  WITH  RETAINERS  THAT  GAVE  LIMITED  PERFORMANCE 


1 

Code 

| 

Retainer  Material 

Axial 

Thrust 

Load 

(lb) 

Lifetime 

(hr) 

R-2 

60%  Teflon,  40%  glass  fibers  with  molybdenum 

1 

28 

disulfide  filler 

1/2 

62 

1/4 

5,110 

1/4 

67 

1/4 

90 

(reversal  test  with 

90  reversals) 

1/4 

18,842 

% 

(test  in  air) 

R-3 

Sintered  nylon  containing  molybdenum  disulfide 

1/4 

43 

o 

1 

27 

R-4 

Micro-porous  sintered  nylon  impregnated  with 

I 

160 

chlorophenyl  methyl  polysiloxane  oil  (code  0-10) 

1 

331 

R-5 

Porous  plastic  impregnated  with  silicone  oil 

none 

229 

R-6 

Aromatic  polyimide 

none 

136 

R-7 

Epoxy-molybdenum  disulfide 

1/4 

1,332 

1/2 

738 

R-8 

Pressed  porous  graphite  impregnated  with  silver 

'  1/4 

141 

R-9 

55%  sintered  bronze,  27%  Teflon  and  18% 

1/4 

2,727 

molybdenum  disulfide 

1/4 

478 

(test  in  aii’) 

R-10 

50%  bronze,  50%  molybdenum  disulfide 

1/4 

2,692 

1/4 

140 

(test  in  air) 
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1.5.3  Results  and  Discussion 


Table  1-10  presents  detailed  results  for  the  best  performing  special  retainer  material 
Code  R-l,  a  reinforced  Teflon  composite.  Table  1-11  summarizes  results  for  the 
other  nine  special  retainer  materials. 

Code  R-l  retainers  have  consistently  given  lifetimes  in  excess  of  8,000  hours  at  axial 
preloads  below  1  pound.  Two  tests  with  1-pound  preloads  gave  lifetimes  of  3,180  and 
11,248  hours.  Failures  have  been  due  to  wear  of  the  ball  pockets  resulting  in  enlarge¬ 
ment  of  the  pockets,  jamming  of  wear  particles  between  bearing  parts,  and  sometimes 
breaking  of  the  retainer.  Figure  1-19  shows  the  failure  of  the  Code  R-l  retainers 
after  3,180  hours;  the  enlargement  of  the  ball  pockets  and  a  crack  between  two  pockets 
can  be  seen. 

Results  with  Code  R-2  (Table  1-10)  indicate  that  failures  are  accelerated  by  increases 
in  the  amount  of  axial  preload. 

Figure  1-20  shows  a  failure  of  retainers  of  a  sintered  nylon  containing  molybdenum 
disulfide  (R-3) ,  which  failed  after  only  27  hours.  Both  of  these  retainers  are  broken, 
as  can  be  seen  in  the  photograph. 

Generally ,  it  appears  that  the  performance  of  all  of  the  special  retainer  materials 
tested  is  limited  by  wear  resistance  and  strength,  even  for  materials  that  have  low 
coefficients  of  friction. 

1.6  CONCLUSIONS  AND  RECOMMENDATIONS 

General  conclusions  reached  from  the  studies  conducted  on  the  performance  of  ball 
bearings  in  vacuum  and  combined  space  environments  include  the  following: 

•  Operation  in  vacuum  can  drastically  reduce  lubricant  lifetime  below  that 
obtained  for  operation  in  air.  In  order  to  operate  equipment  in  space  for 
long  period,  the  mechanisms  must  be  housed  in  pressurized  and  sealed 
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units,  some  means  of  lubricant  replenishment  must  be  provided,  or  the 
lubricants  must  be  carefully  selected  from  those  that  have  demonstrated 
satisfactory  operation  in  vacuum. 

•  Oils  and  greases  provide  the  best  type  of  lubrication  for  ball  bearings 
exposed  to  vacuum .  Special  considerations  that  may  favor  other  types  of 
lubricants  (e.g.,  molybdenum  disulfide  films  and  reinforced  Teflon)  include 
cryogenic  temperatures ,  high  temperatures ,  and  excessive  exposure  to 
nuclear  radiation. 

•  Selected  oils  and  greases  have  demonstrated  lifetimes  in  vacuum  of  3  years, 

and  more,  under  the  conditions  noted  above.  They  have  also  demonstrated 

lifetimes  in  vacuum  of  over  15  months  when  exposed  simultaneously  to  a 
7 

dose  of  10  r  of  gamma  radiation  from  a  Cobalt  60  source. 

•  Generally,  ball  bearing  lifetime  with  oil  lubrication  increased  with  viscosity, 
and  the  increase  was  most  pronounced  at  low  viscosities.  The  use  of  oils 
with  extremely  high  viscosities  is  limited,  however,  by  excessive  bearing 
torque  and  inability  to  operate  a  low  temperatures.  Oils  with  room- 
temperature  viscosities  of  50  to  250  centistokes  appear  most  useful  for 
providing  both  long  lifetimes  and  good  torque  characteristics. 

•  Ball  bearings  with  retainers  of  reinforced  Teflon,  a  self-lubricating  material, 
have  operated  successfully  in  vacuum  for  over  10,000  hours  provided  that 
bearing  loads  were  light.  Bonded  solid  film  lubricants  have  given  shorter 
lifetimes  and  generally  poor  reproducibility  of  results,  although  under  good 
conditions  they  have  given  lifetimes  up  to  3  months  under  the  same  conditions 
as  above. 

•  Bearing  failures  have  been  preceded  by  lubricant  failures.  With  oils,  the 
lubricant  failure  has  been  due  to  the  partial  or  complete  loss  and  decom¬ 
position  of  the  lubricant  followed  by  rapid  wear;  with  greases,  to  the  drying 
out  of  the  greases  and  stoppage  of  the  bearings  by  the  hard,  soapy  residue; 
with  bonded  films  of  solid  lubricants ,  to  wear  through  of  the  films  followed 
by  rapid  wear  and  jamming;  and  with  reinforced  Teflon  retainers,  to  exces¬ 
sive  wear  of  the  ball  pockets. 
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Future  studies  are  recommended  in  the  following  three  general  areas: 

1.  Screening  of  promising  lubricants  should  be  continued  under  simulated  space 
conditions  to  establish  the  ability  of  the  lubricants  to  meet  the  requirements 
of  satellite  systems,  such  as  those  used  for  communication  and  navigational 
purposes,  in  which  lifetimes  are  more  extended  than  in  present  satellite 
systems.  Where  preliminary  screening  has  established  the  feasibility  of 
long-time  lubrication  with  selected  lubricants,  replicate  tests  should  be 
conducted  to  establish  the  reliability  of  the  results. 

2.  The  effects  of  service  conditions  on  performance  should  be  evaluated  more 
thoroughly.  Future  work  should  extend  testing  to  a  wider  range  of  loads, 
speeds,  temperatures,  and  amounts  of  oil  or  grease  lubricant  and  should 
derive  statistical  correlations  between  these  variables  and  the  lifetimes  or 
other  performance  specifications.  The  practical  value  of  this  work  would 
include  (1)  developing  techniques  for  predicting  mean-times-to-failure  and 
reliability  for  a  recommended  lubricant  under  specific  service  conditions 
and  (2)  developing  techniques  for  accelerated  testing  (i.e. ,  using  results  from 
short-time  tests  at  one  set  of  conditions  to  predict  long-time  behavior  at 
other  conditions). 

3.  The  fundamentals  of  lubrication  under  space  conditions  and  of  the  lubricant 
properties  that  are  important  for  these  conditions  should  be  studied  more 
thoroughly.  Correlations  between  lubricant  viscosity  and  lifetime  should  be 
refined,  for  example ,  so  that  the  location  of  a  particular  lubricant  in  the 
scatter-band  of  this  type  of  correlation  can  be  defined  more  exactly  from 
additional  properties  of  the  lubricant  that  can  be  measured  in  simple 
laboratory  tests. 
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Section  2 

BONDED  SOLID  FILM  LUBRICANTS  UNDER  SLIDING  FRICTION 

2.1  SCOPE 

*  Tests  have  been  conducted  to  evaluate  the  performance  of  various  bonded  solid  film 

|  lubricants  under  conditions  of  sliding  friction  in  air. 

2.2  MATERIALS 

I 

Table  2-1  lists  the  materials  tested  and  their  characteristics.  These  materials  were 
|  applied  to  the  outer  surface  of  the  Timken  test  rings. 

|  2.3  EQUIPMENT  AND  PROCEDURES 

»  All  tests  were  conducted  in  an  Alpha- Molykote  Model  LFW-1  tester  according  to 

I  Technique  46  of  the  Coordinating  Research  Council.  Figure  2-1  is  an  overall  view  of 

the  tester,  and  Figure  2-2  shows  the  test  pieces  in  detail. 

f 

The  test  pieces  include  a  block  (0. 625-in.  x  0.  375-in.  x  0.250-in.)  of  Starrett 
No.  496  oil-hardening  steel,  which  has  been  hardened  to  Rockwell  C57-60  and  finished 
to  6-12  microinches,  RMS.  The  block  is  drilled  for  inserting  a  thermocouple  to 
measure  temperatures  during  testing.  The  block  is  held  stationary  against  a  rotating 
ring  (1. 375  inches  diameter)  of  SAE  4620  steel,  which  has  been  hardened  to  Rockwell 
C58-63  and  finished  to  15  microinches,  RMS.  The  solid  film  lubricant  is  coated  on 
the  outer  surface  of  the  ring,  and  the  block  is  usually  uncoated. 
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Table  2-1 

RESULTS  OF  SLIDING  FRICTION  TESTS 


Code 

Lubricant 

Coefficient 
of  Friction 

Test 

Temperature 

(*F) 

Lifetime 
(br:  min) 

S-l 

Molybdenum  disulfide  applied  over 

0.010  x?.  0.916 

120  to  140 

36:22 

silver  matrix 

0.010  to  0.016 

120  to  140 

39:18 

0.010  to  0.016 

135  to  145 

36:35 

0.011  to  0.016 

138  to  147 

29:07 

average 

0.010  to  0.016 

128  to  143 

35:20 

S-2 

Ceramic  bonded  lolybdenum 

0.019  to  0.035 

145  to  160 

31:00 

disulfide 

0.021  to  0.032 

150  to  170 

37:16 

0.019  to  0.034 

150  to  165 

35:35 

0.021  to  0.038 

150  to  165 

33:45 

0.022  to  0.032 

157  to  16* 

38:19 

average 

0.020  to  0.034 

150  to  165 

35:08 

S-3 

Ceramic  bonded  molybdenum 

0.016  to  0.024 

150  to  175 

9:06 

disulfide 

0.016  to  0.024 

150  to  185 

10:30 

0.016  to  0.032 

150  to  190 

12:00 

0.021  to  0.028 

160  to  175 

13:05 

average 

0.017  to  0.027 

153  to  181 

11:02 

S-6 

Silicone  bonded  molybdenum 

0.016  to  0.024 

145  to  150 

4:50 

disulfide 

0.016  to  0.024 

155  to  165 

6:19 

0.016  to  0.024 

150  to  ICO 

8:20 

0.010  to  0.024 

160  to  170 

4:48 

average 

0.015  to  0.024 

153  to  161 

6:04 

S-ll 

Proprietary  molybdenum  disulfide 

0.011  to  0.014 

135  to  145 

24:05 

coating  applied  over  phosphated 
mild  steel 

0.014  to  0.017 

135  to  150 

36:09 

0.009  to  0.011 

135  to  140 

18:55 

0.014  to  0.017 

140  to  150 

13:04 

average 

0.012  to  0.015 

136  to  146 

23:03 
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Table  2-1  (cont. ) 


Code 

Lubricant 

Coefficient 
of  Friction 

Test 

Temperature 

(°F) 

Lifetime 
(hr:  min) 

S-ll 

Proprietary  molybdenum  disulfide 

0.011  to  0.017 

135  to  145 

12:37^ 

coating  applied  over  17-4  steel^ 

0.011  to  0.016 

130  to  140 

ll:14<a) 

0.013  to  0.017 

140  to  145 

9:34<a) 

average 

0.013  to  0.017 

135  to  143 

14:28 

S-12 

Plated  molybdenum  disulfide 

0.022  to  0.025 

155  to  160 

25:20 

0.019  to  0.024 

150  to  160 

22:24 

0.020  to  0.024 

150  to  165 

25:17 

0.019  to  0.025 

140  to  160 

19:54 

average 

0.020  to  0.025 

149  to  161 

23:14 

S-12 

Plated  molybdenum  disulfide. 

0.019  to  0.024 

140  to  150 

20:31 

improved  process 

0.017  to  0.025 

140  to  160 

12:10 

0.019  to  0.022 

140  to  150 

20:16 

0.019  to  0.030 

145  to  160 

11:52 

average 

0.019  to  0.025 

141  to  155 

16:02 

S-14 

Bonded  graphite  applied  by 

(b) 

(b) 

00:06 

impingement  process 

(b) 

(b) 

00:09 

average 

00:08 

S-15 

Proprietary  thin  dry  film 

(b) 

(b) 

0:02 

(b) 

(b) 

0:03 

average 

0:02 

S-15 

Above  coating  applied  to  both  block 

(b) 

(b) 

0:02 

and  ring 

(b) 

<b) 

0:02 

average 

0:02 

(a)  Test  rings  v/ere  supplied  by  lubricant  vendor .  They  were  out  of  round  and  did  not 
mate  with  test  block,  so  results  have  been  compromised. 

(b)  Test  too  short  to  determine  value. 
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Fig.  2-2  Test  Specimen  Mounted  in  Alpha-Molykote  Tester 
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The  test  ring  rotates  at  a  speed  of  72  rpm,  which  gives  a  surface  sliding  speed  of  25 
feet  per  minute,  and  the  load  is  increased  according  to  the  following  schedule  (CRC 
Technique  46): 


Time 

(Minutes) 


0 

to 

1 

1 

to 

2 

2 

to 

3 

3 

to 

4 

4 

to 

5 

5 

to 

6 

6 

to 

7 

7 

to 

8 

00 

to 

9 

9 

to 

10 

10 

to 

end  of  test 

Specimen  Load 
(Pounds) 

30 

120 

210 

300 

390 

480 

510 

540 

570 

600 

630 


Failure  occurs,  and  the  test  is  ended,  when  the  coefficient  of  friction  increases  to  0. 10. 


2.4  RESULTS  AND  DISCUSSION 


Table  2-1  gives  test  results.  It  is  worth  noting  that  the  Code  S-l  lubricant  not  only 
gave  the  best  performance  of  those  tested  under  conditions  of  sliding  friction  (i.e. , 
lowest  coefficient  of  friction  and  longest  lifetime)  but  that  this  lubricant  also  gave  the 
best  results  on  ball  bearings. 


Although  thin  films  applied  by  impingement  methods  were  very  poor  under  these  test 
conditions,  they  are  known  to  be  effective  under  other  test  conditions  where  contact 
stresses  are  less  severe. 
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Appendix  A 

FRICTION  AND  ADHESION  OF  METALS 


The  purpose  of  this  appendix  is  to  discuss  the  friction  and  adhesion  of  metals,  with 
special  reference  to  cold  welding  under  the  vacuum  conditions  of  space. 


A.  1  VACUUM  CONDITIONS  IN  SPACE 


Figure  A-l  summarizes  pertinent  facts  about  the  variation  of  pressure  and  related 
quantities  with  altitude.  For  orientation,  two  reference  points  are  indicated  on  the 
top  scale  -  towards  the  left-hand  side  is  indicated  the  apogee  of  Sputnik  I  (approxi¬ 
mately  560  miles,  or  3  million  feet),  and  at  the  right-hand  side  is  sea  level  (zero 
altitude). 


The  second  scale  from  the  top  in  Figure  A-l  indicates  the  pressure  in  either  torr  or 
millimeters  of  mercury,  which  are  the  units  that  are  generally  used  to  express  pres¬ 
sures  below  one  atmosphere.  For  all  practical  purposes,  the  units  of  torr  and 
millimeters  of  mercury  are  identical.  * 


Quantities  that  are  related  to  pressure  and  that  are  important  to  friction  and  cold 
welding  in  space  are  indicated  on  the  lower  four  scales  of  Figure  A-l.  The  first  of 
these  scales  indicates  the  number  of  molecules  in  one  cubic  centimeter,  and  the  scale 
immediately  below  it  indicates  the  mean  free  path,  which  is  the  average  distance  that 
an  atom  or  molecule  will  travel  before  colliding  with  another  atom  or  molecule.  At 
the  altitudes  at  which  spacecraft  will  operate,  the  mean  free  path  is  on  the  order  of 


*A  pressure  of  1  mm  Hg  is  defined  as  a  pressure  sufficient  to  support  a  column  of 
mercury  exactly  1  mm  high  at  0°C  (32°  F)  and  under  standard  gravitational  accelera¬ 
tion.  A  pressure  of  1  torr  is  defined  as  l/760-th  of  one  standard  atmosphere.  Since 
the  standard  atmosphere  is  not  quite  exactly  equal  to  the  normal  atmosphere  of 
760  mm  Hg,  there  is  a  discrepancy  of  about  1  part  per  million  between  1  mm  of 
mercury  and  1  torr. 
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miles,  and  more,  even  though  there  are  still  millions  of  molecules  per  cubic  centi¬ 
meter.  The  consequences  of  the  large  mean  free  path  in  space  are  that  (1)  radiation 
is  the  only  means  of  heat  transfer  to  and  from  a  body,  so  that  power  losses  in  equip¬ 
ment  and  frictional  heating  are  not  as  easily  dissipated  as  in  the  normal  atmosphere, 
and  (2)  evaporation  and  sublimation  are  more  rapid,  so  that  conventional  lubricants 
such  as  oils  and  greases  are  more  subject  to  evaporation  losses. 

Two  other  important  quantities  are  indicated  on  the  lower  scale  in  Figure  A-l.  These 
are  the  impingement  rate,  or  the  number  of  molecules  that  strikes  each  square  centi¬ 
meter  of  surface  area  per  second  (based  on  gas  molecules  having  a  molecular  weight 
of  28)  and  the  theoretical  monolayer  time,  or  the  time  that  it  would  take  to  form  a  sur¬ 
face  film  one  atom  or  molecule  thick  (based  on  the  fact  that  it  takes  about  5  x  10  ^ 
molecules  per  square  centimeter  to  form  a  monolayer  and  assuming  that  every  mole¬ 
cule  that  strikes  the  surface  is  adsorbed) .  Since  the  sticking  probability  of  molecules 
that  strike  a  surface  is  less  than  one,  the  actual  time  to  form  a  monolayer  will  be 
somewhat  greater  than  the  theoretical  monolayer  time  indicated  in  Figure  A-l.  The 
important  point  is  that  cnce  contaminating  films  that  are  present  in  the  normal  atmos¬ 
phere  on  earth  are  removed  in  space,  several  hours  are  necessary  to  form  new 
films.  A  number  of  reseirch  studies,  such  as  those  reviewed  in  the  following  section 
of  this  report,  indicate  that  when  contaminating  films  are  removed  from  metal  sur¬ 
faces,  the  metal  parts  can  weld  together  with  strengths  that  approach  those  of  the 
parent  metals.  This  is  the  problem  of  cold  welding  that  must  be  overcome  for  space 
operation. 

While  it  is  true  that  many  spicecraft  items,  such  as  horizon  sensors  and  gyroscopes, 
can  be  sealed  from  the  space  environment  so  that  they  are  not  required  to  operate 
in  a  vacuum,  surfaces  at  or  njar  the  outsides  of  space  vehicles  are  not  so  easily 
sealed  from  the  vacuum  of  space.  Mechanisms  such  as  solar  array  orientation  de¬ 
vices,  louvers  for  active  thermal-control  systems,  and  docking  surfaces  of  manned 
spacecraft  can  involve  contact  of  surfaces  that  are  well  exposed  to  space.  Where  such 
surfaces  come  into  contact  with  one  another,  the  avoidance  of  their  cold  welding  to¬ 
gether  requires  a  selection  of  materials  that  have  minimum  tendencies  for  cold  weld¬ 
ing  and  avoiding  conditions  of  leading  and  sliding  across  the  interfaces  that  promote 
cold  welding. 
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A.  2  FRICTON  AND  ADHESION  OF  METALS 


Early  workers  ascribed  the  friction  of  two  solids  sliding  over  one  another  as  due  to 
the  interlocking  of  surface  irregularities,  and  the  frictional  work  to  the  energy  dissi¬ 
pated  in  raising  one  set  of  surface  roughnesses  over  the  other.  It  was  believed  that 
the  function  of  a  lubricating  film  was  to  fill  in  the  "valleys M  and  form  smooth  surfaces 
so  that  the  hard  bodies  could  not  come  into  contact  with  one  another,  interlock.,  and 
thus  cause  friction. 

The  more  modern  theories  of  boundary  lubrication  interpret  frictional  resistance  as 
the  net  result  of  the  effects  of  two  concurrent  conditions,  namely,  the  shearing  of 
welded  junctions  formed  between  points  of  contact  and  the  ploughing  out  of  the  softer 
material  to  an  appreciable  depth  below  the  surface  by  the  harder  material’s  riding 
over  it.  For  hard  materials  in  contact  with  one  another,  analysis  indicates  that  the 
ploughing  term  is  relatively  small  and  that  friction  is  largely  due  to  the  shearing  of 
the  welded  junctions.  Experiments  indicate  that  there  is  a  one-to-one  correspondence 
between  coefficients  of  friction  and  coefficients  of  adhesion  (Ref.  A.  1). 

Three  important  points  in  the  adhesion  theory  of  friction  and  v/ear  (or  the  welded 
junction  theory)  are  as  follows: 

•  The  area  of  true  contact  is  only  a  small  fraction  of  the  apparent  contact 
area. 

•  High  localized  temperatures  are  generated  at  the  points  of  contact  by 
frictional  heating. 

•  The  two  surfaces  interact  with  each  other. 

Area  of  true  contact.  When  clean  metal  surfaces  are  placed  together,  they  touch  only 
where  their  asperities  or  high  spots  meet,  and  their  real  area  of  contact  is  much 
smaller  than  the  apparent  area.  The  greater  the  force  pressing  the  surfaces  together, 
the  more  the  asperities  are  crushed  down  and  suffer  plastic  deformation.  This  action 
increases  both  the  number  and  size  of  the  contacts  involved  in  supporting  the  load  so 
that  the  area  of  real  contact  increases.  For  example,  two  flat  surfaces  of  hard  steel 
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with  a  yield  strength  of  150, 000  psi  would  have  a  true  contact  area  of  only  0.001  per¬ 
cent  of  the  apparent  contact  area  under  a  normal  pressure  of  1. 5  psi  and  would  have 
a  true  contact  area  of  0. 1  percent  of  the  apparent  contact  area  under  a  normal  pressure 
of  150  psi. 

Surface  temperatures  of  rubbing  solids.  When  solids  slide  over  one  another,  high 
surface  temperatures  are  generated  even  under  moderate  conditions  of  load  and  speed. 
The  high  temperatures  are  confined  to  very  thin  surface  layers  at  the  contacting  points 
and  are  of  very  brief  duration.  For  example,  for  a  constantan  cyclinder  sliding  on  a 
steel  surface  under  a  load  of  4. 1  pounds  and  a  sliding  speed  of  120  inches/second,  tem¬ 
perature  flashes  of  1000°  C  (1832°  F)  were  measured  that  lasted  for  less  than  10-4 
second  (Ref.  A.  2). 

Surface  temperatures  produced  by  frictional  heating  increase  with  the  sliding  speed 
and  the  load.  The  poorer  the  thermal  conductivity  of  the  materials,  the  higher  the 
temperatures  that  are  generated.  Even  under  the  most  severe  conditions,  however, 
surface  temperatures  cannot  generally  exceed  the  melting  point  of  the  bodies. 

Local  heating  has  an  important  effect  on  a  number  of  surface  phenomena,  including 
the  abrasion  and  seizure  of  metals,  the  deterioration  of  lubricating  films,  volatiliza¬ 
tion  and  decomposition  of  oils  and  other  surface  films,  "frictional  welding,"  and  the 
initiation  of  chemical  reactions  and  chemical  decomposition  under  friction  and  impact. 

Interaction  of  surfaces.  Sliding  between  metal  surfaces  is  not  a  continuous,  smooth 
process  but  often  proceeds  in  a  series  of  starts  and  stops.  The  friction  rises  to  a 
maximum  during  the  "stick"  and  falls  rapidly  during  the  "slip,"  and  there  are 
corresponding  changes  in  the  area  of  contact  and  the  surface  temperature.  Experi¬ 
ments  indicate  that,  under  the  intense  pressure  acting  at  the  summits  of  the  surface 
irregularities,  localized  adhesion  or  welding  between  the  metal  surface  takes  place. 

The  metallic  junctions  that  are  formed  must  be  sheared  if  the  surfaces  are  to  slide 
pas  I  one  another,  and  the  force  required  to  shear  the  junctions  and  permit  sliding  is 
proportional  to  the  product  of  the  shear  strength  of  the  junctions  and  the  area  of 
real  contact. 
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Physically  or  chemically  adsorbed  gas  films,  such  as  oxides,  are  normally  present 
on  even  the  cleanest  metal  surfaces  in  the  normal  atmosphere.  (As  Figure  A-l  indi¬ 
cates,  a  surface  that  was  cleaned  at  one  atmosphere  pressure  would  be  reconiaminated 

-8 

by  a  monolayer  in  less  than  10  second. )  These  films  prevent  bare  metal-to-metal 
contact  and  the  formation  of  strong  welded  junctions,  so  that  the  coefficient  of  friction 
is  less  than  when  bare  metal-to-metal  contact  is  obtained.  This  fact  has  been  demon¬ 
strated  by  a  series  of  laboratory  experiments,  beginning  with  the  classic  studies  of 
Bowden  and  Tabor  at  Cambridge  about  25  years  ago  and  continuing  to  the  present  time. 

Figure  A-2  shows  the  equipment  used  in  the  first  of  these  studies  (Ref.  A.  3).  The 
method  consisted  essentially  of  propelling  a  metal  cylinder  C  along  a  wire  XY  and 
photographically  estimating  its  deceleration.  From  the  resulting  data,  the  frictional 
force  between  the  two  surfaces  could  be  calculated. 

The  cylinder  was  propelled  by  the  spring  S  which  was  released  by  the  electromagnet 
M  .  The  lower  surface  XY  was  degassed  by  passing  a  heating  current  through  it,  and 
the  cylinder  C  was  degassed  by  lifting  it  off  the  lower  surface  with  the  molybdenum 
rail  support  R  and  heating  it  by  electron  bombardment  from  the  filament  F  .  The 
entire  apparatus,  except  for  the  electromagnet,  was  encased  in  a  silica  envelope  O 
which  was  connected  to  the  vacuum  system. 

Both  metals  were  kept  at  a  temperature  just  below  that  at  which  excessive  evapora¬ 
tion  might  occur  during  the  final  stages  of  degassing.  During  the  friction  measure- 

“*6 

ments,  the  pressure  in  the  envelope  was  maintained  below  10  mm  Hg  and,  except 
when  otherwise  stated,  the  friction  was  measured  immediately  after  the  degassed 
surfaces  had  cooled  to  room  temperature. 

Figure  A-3  presents  the  main  results  of  the  experiment  using  nickel  on  tungsten  and 
copper  on  copper.  Figure  A-3(a)  and  (c)  show  that  the  coefficient  of  friction  was 
initially  about  0.5,  and  that,  after  degassing  in  vacuum  and  cooling  to  room  tempera¬ 
ture,  the  coefficient  increased  by  a  factor  of  10  or  more.  When  the  clean  surfaces 

-5  -6 

were  allowed  to  stand  at  room  temperature  in  a  vacuum  of  10  to  10  mm  Hg,  the 
coefficient  of  friction  steadily  decreased,  presumably  because  of  the  gradual 
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Fig.  A-2  Apparatus  for  Measuring  Friction  Between  Outgassed  Metal  Surfaces 


2  4  6  8 

TIME  (min) 

(a)  Nickel  on  Tungsten 


0  2  4  6  8 

TIME  (min) 

(b)  Nickel  on  Tungsten 


TIME  (min) 

(c)  Copper  on  Copper 


(a)  ,{c)  Effect  of  Removing  Adsorbed  Film  of  Oxygen  and  Other 

Contaminants  From  Metal  Surfaces 

(b)  ,(d)  Effect  of  Adding  a  Trace  of  Oxygen  to  Clean  Outgassed 

Metals 

Fig.  A-3  Effects  of  Surface  Films  on  Coefficient  of  Friction 
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recontamination  of  the  surfaces  by  residual  gases  in  the  apparatus.  Figure  A- 3  (b) 
and  (d)  show  that  when  a  trace  of  oxygen  was  deliberately  admitted,  there  was  a 
sudden  large  reduction  in  friction,  followed  by  a  slower  reduction  that  continued  with 
time.  On  the  other  hand,  admitting  pure  hydrogen  or  nitrogen  had  little  effect  on  the 
friction  of  the  clean  surfaces. 

Figure  A -4  shows  another  apparatus  used  in  a  second  study  (Ref.  A.  4).  The  upper 
surface  A  and  the  lower  surface  E  were  fashioned  in  the  form  of  hollow  cylinders  to 
facilitate  heating  by  high-frequenc3r  induction.  The  upper  surface  was  a  moving  speci¬ 
men  with  a  small  curved  protrusion  to  provide  localized  contact.  The  lower  surface 
was  fixed  and  had  a  flattened  face.  Surface  A  was  connected  by  silica  link  C  to  a 
sealed  bulb  of  soft  iron  D.  The  sealed  bulb  D  was  moved  by  electromagnet  E  and 
hence  moves  surface  A.  The  frictional  force  on  A  was  measured  by  the  silica  spring 
device  F  ,  and  the  high-frequency  induction  coil  G  provided  the  necessary  heating. 
The  entire  apparatus,  except  for  the  electromagnet,  was  encased  in  a  silica  envelope 
H  which  was  connected  to  the  vacuum  system. 

The  main  difference  between  the  appartus  shown  in  Figure  A-4  and  the  one  presented 

in  Figure  A-2  is  that  the  upper  surface  A  was  dragged  slowly  over  the  lower  rface 

B  instead  of  being  propelled  along  it.  Also,  the  load  was  appreciably  higher,  on  the 

order  of  15  grams,  as  compared  to  less  than  1  gram  for  the  equipment  shown  in 

Figure  A-2.  Further,  the  region  of  contact  between  the  surfaces  was  more  clearly 

defined  as  it  occurred  between  the  small  curved  protrusion  of  surface  A  and  the  flat 

face  of  surface  B.  Degassing  was  accomplished  by  the  high-frequency  induction 

_6 

heating  coil,  and  a  vacuum  of  about  10  mm  Hg  was  employed. 

"Clean "  nickel  surfaces  prepared  in  air  had  coefficients  of  friction  of  about  1.4.  The 
surfaces  were  then  heated  to  1000°  C  (1832°  F)  in  vacuum  to  remove  contaminant  films. 
On  cooling  in  vacuum  to  room  temperature,  the  coefficient  of  friction  of  the  degassed 
surfaces  readily  reached  a  value  of  9.  Admitting  air  or  a  trace  of  oxygen  reduced 
the  friction,  but  hydrogen  had  no  measurable  effect.  On  surfaces  that  were  even  more 
thoroughly  degassed,  large-scale  seizure  occurred  on  contact.  Separation  of  these 
surfaces  was  possible  only  by  prying  them  apart,  and  the  friction  was  too  high  to  be 
measured. 
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Fig.  A-4  Apparatus  for  Measuring  the  Friction  Between  Outgassed  Metal  Surfaces 


These  early  experiments,  as  well  as  others  that  have  been  conducted  since,  demonstrate 
the  effectiveness  of  even  trace  amounts  of  surface  contaminants  in  reducing  the  friction 
and  wear  of  metals.  While  this  fact  makes  it  necessary  to  use  refined  vacuum  techniques 
and  surface  preparation  in  order  to  measure  the  friction  and  wear  of  truly  clean  metal 
surfaces,  it  also  presents  a  practical  advantage  in  that  only  small  amounts  of  a  suit¬ 
able  vapor  are  needed  to  reduce  friction  and  wear.  The  reduction  in  the  coefficient 
of  friction  produced  by  small  amounts  of  residual  vapors  in  an  ultrahigh  vacuum  system 

has  been  demonstrated  in  a  number  of  experiments.  For  example,  data  cited  in  Ref. 

—6 

A.  5  indicates  that  even  at  a  pressure  of  1  x  10  torr,  enough  oxygen  is  present  in 
the  system  to  provide  low  coefficients  of  friction  for  several  combinations  of  metal, 
including  52100  chromium  steel  and  440C  stainless  steel. 

Campbell  (Ref.  a.  6)  notes  that  organic  contaminants  present  in  the  normal  atmosphere 

are  very  beneficial  in  extending  the  lifetime  and  improving  the  performance  of  switches 

used  in  telephone  communication  systems.  If  the  surfaces  of  the  switches  are  thoroughly 

degreased  electrolytically  (by  anodic  treatment  in  hot  chromic  acid)  and  operated  in 

clean  air,  they  wear  very  rapidly  and  their  lifetime  is  reduced  to  one-hundredth  or  less 

of  the  normal  lifetime  in  "dirty"  air.  Tests  at  LMSC  on  sliding  electrical  contacts 

operating  in  ultrahigh  vacuum  also  confirm  the  benefits  of  trace  amounts  of  outgassing 

—6 

materials  (Ref.  A.  7).  A  partial  pressure  of  only  10  torr  of  a  silicone  oil  was 
sufficient  to  reduce  electrical  noise  by  more  than  an  order  of  magnitude  (as  compared 

_7 

to  operation  in  a  dry  vacuum  of  1  x  10  torr)  and  provided  a  lifetime  in  vacuum  of 
over  4000  hours  with  no  sign  of  failure. 

The  tenacity  with  which  monolayers  are  attached  to  surfaces  is  important  in  defining 
the  "lubricity"  of  the  surface  film  and  iis  resistance  to  removal  by  evaporation,  sub¬ 
limation,  or  wear.  Monolayers  are  stable  at  vacuum  levels  well  below  the  bulk  vapor 
pressure  of  the  material,  and  polar  compounds  are  more  strongly  adsorbed  to  surfaces 
than  are  non-polar  compounds.  For  example,  in  the  studies  reported  in  Ref.  A.  8, 
approximately  10  percent  of  the  last  monolayer  of  octadecane  was  still  present  on  a 

steel  surface  at  room  temperature  at  a  pressure  of  only  6  x  10  torr,  despite  the 

-4 

fact  that  the  vapor  pressure  of  octadecane  at  room  temperature  is  9.4  x  10  torr, 
which  is  two  orders  of  madnitude  higher.  Substantially  complete  monolayers  of  the 
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polar  compounds  n-  dode  cy lam  in  e  and  dodecanol-1  were  retained  at  room  temperature 

_6 

and  a  pressure  of  10  torr,  despite  the  fact  that  the  vapor  pressures  of  these  two 

-3  -2 

materials  at  room  temperature  are  9.4  x  10  and  2. 1  x  10  torr,  respectively.  The 
advantage  of  using  polar  lubricants  in  vacuum  is  further  demonstrated  by  results  of 
LMSC  studies  on  lubricants  for  ball  bearings  operating  in  vacuum,  in  which  halogenated 
silicone  oils  have  given  longer  lifetimes  in  vacuum  than  either  dimethyl  or  phenyl- 
methyl  silicone  oils  which  had  lower  bulk  vapor  pressure.  These  results  indicate: 

(1)  oils  and  greases  may  be  more  useful  in  vacuum  than  their  bulk  vapor  pressure 
alone  might  indicate,  and  (2)  molecules  having  a  high  degree  of  polarity  appear 
preferable  to  those  with  low  polarity. 

Various  techniques  can  be  used  for  replenishing  films  of  lubricant  in  the  vacuum/zero- 
G  environment  of  space.  For  example,  if  the  lubricant  is  a  low  vapor  pressure  liquid, 
the  liquid  can  be  impregnated  into  a  porous  material  and  allowed  to  evaporate  slowly  so 
that  it  maintains  a  small  partial  pressure  of  vapor  in  the  vicinity  of  the  contact  area. 

In  this  case,  the  lubricant  is  applied  to  the  contact  area  as  a  vapor,  and  the  rate  at  which 
it  is  released  from  the  reservoir  will  depend  upon  such  factors  as  the  vapor  pressure- 
temperature  relationship  of  the  material,  the  temperature  of  the  reservoir,  the  sur¬ 
face  area  of  the  reservoir,  and  the  porosity  of  the  reservoir.  The  porous  material 
should  have  certain  other  characteristics;  for  example,  it  should  be  lint  free  so  that 
it  does  not  otherwise  contaminate  the  system,  it  should  retain  the  impregnated  liquid 
under  high  G  loads  during  the  launch  and  ascent,  it  should  have  a  high  pore  volume 
in  order  to  retain  the  maximum  amount  of  lubricant,  and  it  should  have  a  low  density. 
This  technique  has  been  used  successfully  to  operate  sliding  electrical  contacts  in 
vacuum  in  the  studies  referred  to  earlier  (Ref.  A.  7). 

A  second  technique  for  replenishing  a  film  of  liquid  lubricant  on  a  surface  is  by 
wicking.  In  this  case  the  lubricant  is  held  in  a  cuntainer  that  is  provided  with  a  wick 
of  appropriate  material  that  contacts  the  surface  requiring  lubrication  and  that  draws 
the  lubricant  from  the  reservoir  to  the  surface  by  means  of  capillary  attraction.  This 
case  is  distinguished  from  the  former  in  that  the  liquid  lubricant  is  applied  directly 
to  the  contact  surface  as  a  liquid  rather  than  as  a  vapor.  This  technique  is  used  on 
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some  ball  bearings  by  impregnating  the  lubricating  oil  into  a  porous  retainer  material 
from  which  it  bleeds  out  slowly  against  the  balls  during  operation,  and  it  has  proved 
quite  successful  in  tests  at  LMSC  for  lubricating  ball  bearings  operating  in  vacuum. 

If  the  lubricant  is  a  solid  film  type,  it  is  possible  to  renew  the  film  periodically  pro¬ 
vided  that  the  substrate  can  be  chemically  reacted  with  a  gas  to  form  a  compound 
with  an  appropriate  laminar  structure.  For  example,  the  surface  films  formed  by 
heating  molybdenum  in  hydrogen  sulfide  or  in  carbon-disulfide  vapor  can  give  low 
coefficients  of  friction,  even  at  high  temperatures  and  in  vacuum.  If  destroyed  during 
rubbing,  such  films  can  be  reformed  by  further  reaction  with  the  hydrogen  sulfide  or 
other  gas  (Ref.  A.  9). 


Some  results  reported  for  the  coefficient  of  friction  o  f  MoSg  formed  chemically 
in  situ  on  sintered  molybdenum,  using  a  steel  slider  and  a  load  of  8820  lb  are  shown 
in  Table  A-l  (Ref.  A.  10).  These  data  show  that  the  coefficient  of  friction  remains 
low  at  temperatures  as  high  as  752°  F.  The  value  of  this  temperature  (0.07)  is  lower 
than  that  observed  at  room  temperature  with  well-lubricated  metals.  The  wear  and 
surface  damage  of  steel  sliding  on  pure  molybdenum  was  heavy;  on  the  sintered 
molybdenum  containing  MoS2>  however,  the  wear  was  very  slight. 


Table  A-l 


COEFFICIENTS  OF  FRICTION  FOR  MoS2  ON  SINTERED  MOLYBDENUM 


Substance 

Sintered  molybdenum 
Sintered  molybdenum  containing 
MoS2 


Sintered  molybdenum 
Sintered  molybdenum  containing 
MoS2 


Coefficient  of  Friction  at  Room  Temperature 

Initial  After  Repeated  Sliding 

0.4  0.45 

0.1  0.1 


Coefficient  of  Friction  at  Various  Temperatures 


15°C 

100°  C 

200°  C 

300°  C 

400°  C 

(59°  F) 

(212°  F) 

(392°  F) 

(572°  F) 

(752°  F) 

0.45 

0.5 

0.5 

0.5 

0.55 

0. 1 

0.08 

0.06 

0.06 

0.07 
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In  general,  any  gas  can  act  as  a  lubricant,  provided  it  reacts  with  the  surface  to  form 
a  compound  with  an  appropriate  laminar  structure.  For  example,  one  patented  pro¬ 
cedure  for  producing  such  a  coating  on  steel,  copper-base,  or  aluminum -base  alloys 
consists  in  first  electroplating  these  substrates  with  tungsten  or  molybdenum  and 
then  causing  them  to  react  in  an  atmosphere  containing  a  sulfide,  selenide,  or  tellu- 
ride  at  pressures  from  15  to  400  psi,  under  temperatures  from  140  to  257°  F,  and 
for  periods  ranging  from  30  to  110  hr  (Ref.  A.  11). 

A  film  of  solid  lubricant  can  be  applied  directly  to  a  contact  surface  by  means  of  a 
,,lipstick,,  type  applicator  riding  against  the  surface.  Such  a  technique  is  often  used 
in  practice  for  burnishing  a  film  of  molybdenum  disulfide  onto  a  surface.  The  tech¬ 
nique  is  also  used  with  Teflon,  as  in  ball  bearings  supplied  with  retainers  of  a 
reinforced  Teflon  composition.  In  this  case  a  certain  amount  of  Teflon  is  transferred 
by  rubbing  from  the  retainer  to  the  balls  and  provides,  in  turn,  a  lubricating  film 
between  the  balls  and  the  bearing  retainer.  This  technique  has  also  provided  lubrica¬ 
tion  in  tests  conducted  at  LMSC  on  bail  bearings  operating  in  ultrahigh  vacuum. 

Since  metals  can  cold  weld  on  earth  (as,  for  example,  when  the  contacting  forces  are 
sufficient  to  break  through  the  surface  films)  as  well  as  in  vacuum,  a  great  deal  of 
research  has  been  conducted  to  define  the  conditions  under  which  cold  welding  is 
probable  and  to  develop  a  satisfactory  theory  of  the  mechanism  by  which  adhesion 
takes  place  between  metals.  These  studies  make  it  clear  that  the  mechanism  is  a 
complex  one  that  involves  the  physical  metallurgy  of  the  bodies  as  well  as  the  physics 
and  chemistry  of  their  surfaces.  This  is  illustrated  by  the  following  lisi,  which  indi¬ 
cates  (1)  some  of  the  elements  of  metal  and  surface  behavior  that  have  been  found 
important  in  cold  welding,  and  (2)  some  of  the  external  environments,  or  service  con¬ 
ditions,  that  affect  cold  welding  through  their  influence  on  the  behavior  of  the  metals 
and  their  surfaces. 

Important  Elements  of  Metal  and  Surface  Behavior 

1.  Metals  and  metal  combinations 

2.  Metallurgical  relations  and  alloying  tendencies  of  the  mating  metals 

3.  Crystal  structure  and  crystallographic  orientation  at  the  surfaces 
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4.  Annealing  behavior  (i.  e. ,  recovery,  recrystallization,  and  grain  growth 
of  the  strained  metals) 

5.  Sintering  behavior 

6.  Strain-hardening  characteristics 

7.  Microstructural  stability 

8.  Diffusion  rates  and  the  effects  of  stress  and  temperature  on  them 

9.  Melting  and  recrystallization  temperatures 

10.  Vapor  pressures  of  the  metals 

11.  Modulus  of  elasticity 

12.  Hardness  and  yield  strength  of  the  metals 

13.  Reactivity  of  surfaces  and  wear  debris  with  the  surrounding  atmosphere 
to  form  oxides,  nitrides,  etc. 

14.  Surface  cleanliness 

15.  Stability  of  surface  oxides,  nitrides,  etc. 

16.  Cohesive  strength  and  ductility  of  surface  oxides,  nitrides,  etc. 

17.  Spalling  of  surface  layers  under  cyclic  stressing 

18.  Adhesion  of  monolayers  and  thicker  surface  films  to  the  metal  substrate 

19.  Dissociation  pressure  of  surface  oxides,  nitrides,  etc. 

20.  Abrasiveness  of  wear  debris 

21.  Surface  roughness 

22.  Surface  energy  and  surface  tension 

Important  External  Environments  (or  Service  Conditions) 

23.  Atmospheric  pressure  (or  vacuum) 

24.  Atmospheric  composition 

25.  Ambient  temperature 

26.  Type  of  motion  (e.  g. ,  rolling,  reciprocating,  and  twisting) 

27.  Relative  velocity  of  motion 

28.  Contact  load  or  pressure 

29.  Hertzian  stresses 

30.  Time  duration 

31.  Passage  of  electrical  current  across  the  interface 
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Many  of  the  items  in  the  above  list,  of  course,  are  interrelated  and  are  not  mutually 
exclusive..  Some  of  them  are  repetitions,  in  which  the  same  factor  may  be  considered 
with  a  slight  change  in  view*  or  emphasis. 

Although  a  complete  discussion  of  these  factors  and  the  theories  of  adhesion  and  cold 
welding  that  have  been  developed  around  them  would  be  too  lengthy  to  present  here, 
a  few  remarks  are  presented  in  the  following  paragraphs  to  illustrate  their  importance 
and  significance . 

The  first  three  items  in  the  list  have  been  reduced  to  the  general  "rule  of  thumb"  to 
avoid  contact  between  like  metals,  which  has  often  been  used  by  design  engineers  as 
a  guide  in  selecting  materials  for  parts  that  slide  over  one  another.  This  dictum  has 
a  theoretical  basis,  and  might  be  stated  in  metallurgical  terms  as  "avoid  combina¬ 
tions  of  metals  that  tend  to  alloy  or  dissolve  into  one  another,  since  these  combina¬ 
tions  tend  to  have  high  coefficients  of  friction  against  one  another  and  to  have  high 
adhesion  and  wear  rates."  The  importance  of  the  metallurgical  relations  is  illustrated 
by  the  following  results  (Ref.  A.  12;  see  also  Refs.  A.  13  and  A.  14  for  similar  results 
and  discussion),  which  indicate  combinations  of  metals  that  either  did  or  did  not 
adhere  to  one  another  when  they  were  brought  together  in  ultrahigh  vacuum  after  care¬ 
fully  cleaning  their  surfaces; 

Adhesion  occurred  No  adhesion  observed 

Fe-Al  Cu-Mo 

Cu-Ag  Ag-Mo 

Ni-Cu  Ag-Fe 

Ni-Mo  Ag-Ni 

All  of  the  metal  combinations  for  which  adhesion  occurred  form  solid  solutions  and/or 
intermediate  alloy  phases,  while  those  for  which  no  adhesion  was  observed  have 
extremely  limited  solid  solubility  in  one  another. 

Metallurgical  principles  are  well  enough  advanced  that  it  is  possible  to  predict  alloy¬ 
ing  behavior  of  metals  from  their  basic  atomic  and  crystallographic  properties.  For 
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example,  two  metals  tend  to  form  solid  solution  alloys  with  one  another  when  the 
following  conditions  are  satisfied:  (1)  The  atoms  of  both  metals  are  approximately  the 
same  size  (extensive  solubility  is  favored  when  the  atomic  diameters  of  both  metals  are 
within  15  percent  of  each  other);  (2)  both  metals  have  the  same  crystal  structure  (e.g. , 
both  are  face -centered  cubic,  as  with  copper  and  gold);  and  (3)  both  metals  have  similar 
chemical  reactivities  (i.e. ,  they  are  on  the  same  side  of  the  periodic  table)  so  that 
they  have  a  minimal  tendency  to  interact  and  form  intermediate  phases.  Such  items 
as  the  first  three  in  the  list,  then,  provide  one  set  of  considerations  for  anticipating 
the  behavior  of  metal  combinations. 


While  the  first  three  items  emphasize  material  relations  that  are  favorable  or  un¬ 
favorable  for  cold  welding  to  occur,  items  4  through  10  place  the  emphasis  more  on 
the  atomic  rearrangements  that  occur  when  metal  surfaces  are  placed  into  intimate 
contact  and  that  result  in  the  formation  of  welded  junctions.  From  a  metallurgical 
point  of  view,  the  fact  that  the  contacting  metal  asperities  are  in  a  stress-strain  con¬ 
dition  (as  a  result  of  the  load)  at  an  elevated  temperature  (as  a  result  of  frictional 
heating)  places  this  behavior  in  the  general  area  of  high-temperature  metallurgy.  An 
important  part  of  the  high-temperature  behavior  of  metals  is  the  annealing  that  occurs 
when  a  strained  metal  is  subjected  to  high  temperature,  which  in  turn  can  be  divided 
into  the  more  or  less  distinct  stages  of  recovery,  recrystallization  and  grain  growth. 
The  relation  between  this  behavior  and  cold  welding  is  pointed  out  in  a  recent  theory 
of  metallic  adhesion  (Ref.  A.  15),  which  is  based  on  the  recrystallization  and  recovery 
of  strain-hardened  metals.  Applying  the  basic  rate  reaction  equations  of  Arrhenius  to 
the  process  of  recrystallization  and  recovery,  the  author  of  this  theory  derived  the 
following  equation  for  the  coefficient  of  adhesion: 


a 


0-  e- Q,/RT  tn 


where 

<7  =  coefficient  of  adhesion 
Q'  =  activation  energy  for  the  process 
R  =  universal  gas  constant 
T  =  absolute  temperature 
t  =  time 
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and  aQ  and  n  are  constants ,  equal  to  the  slopes  of  the  plots  of  In  a  versus  l/T 
and  In  a  versus  In  T  . 

Closely  allied  to  the  recovery-recrystallization  concept  of  metal  adhesion  is  the  con¬ 
cept  of  sintering  of  powder  metallurgy  compacts,  by  which  pressed  or  compacted 
powders  of  metals  are  made  to  weld  together  at  a  temperature  well  below  the  melting 
point  of  the  metals  or  alloy  system.  Asperities  on  metal  surfaces  can  be  analyzed  by 
procedures  similar  to  those  that  are  used  to  analyze  the  sintering  of  powders. 

Both  annealing  and  sintering  behavior  are,  in  turn,  largely  influenced  by  other  factors, 
such  as  items  6  through  10  in  the  list  above. 

As  pointed  out  earlier  in  this  section,  the  localized  temperatures  generated  by  sliding 
surfaces  can  reach  the  melting  point  of  the  metal.  Under  such  a  condition,  localized 
fusion  welding  might  occur,  and  it  would  not  be  surprising  to  find  the  coefficient  of 
adhesion  to  correlate  with  melting  point.  Such  a  correlation  has,  in  fact,  been 
obtained  (Refs.  A.  1  and  A.  12),  in  which  adhesion  increases  as  melting  point  decreases. 
The  correlation  is  particularly  interesting  in  that  the  data  points  for  different  metals 
define  three  curves  rather  than  one,  thereby  indicating  the  importance  of  other  facts. 
The  coefficients  of  adhesion  of  most  of  the  metals  fall  along  a  central  curve  which 
represents  the  normal  behavior.  Metals  which  do  not  form  stable  oxides,  such  as 
gold,  palladium,  and  platinum,  show  greater  adhesion  than  the  normal  behavior; 
whereas  metals  that  crystallize  in  a  close-packed  hexagonal  structure  (e.g. ,  Be, 

Cd,  Zn,  and  Mg)  have  lower  adhesion  than  normal. 

It  is  worth  noting  that  the  recrystallization  temperatures  and  melting  temperatures  of 
metals  also  correlate  with  each  other,  so  that  a  correlation  between  adhesion  and  melt¬ 
ing  temperature  also  implies  a  correlation  between  adhesion  and  recrystallization 
temperature.  Both  recrystallization  temperature  and  melting  temperature  are,  in 
turn ,  measures  of  the  effect  of  temperature  on  atomic  mobility ,  whereby  the  atoms  of 
a  metal  can  rearrange  themselves  into  a  condition  of  more  nearly  perfect  crystallinity 
by  processes  that  take  place  without  melting  (i.e. ,  recovery  and  recrystallization)  or 
with  melting  (i.e.  ,  fusion  and  resolidification) . 
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Items  12  through  22  have  to  do  with  the  ability  of  metal  surfaces  to  come  into  intimate 
contact  with  one  another,  which  is  a  necessary  first  condition  if  they  are  to  cold  weld 
together. 

The  hardness  and  yield  strength  of  the  metals  (item  12)  are  important  in  that,  together 
with  the  applied  *oad  and  the  amount  of  sliding,  they  govern  the  true  area  of  contact  and 
the  ability  of  the  substrate  to  provide  a  nonyielding  surface  on  which  contaminating 
films  (e.g. ,  oxides)  are  supported.  The  area  of  true  contact  between  the  metals  is 
given  by  the  equation 


P 

where 

A  is  the  area  of  true  contact 
W  is  the  contact  force 
p  is  the  yield  pressure 

If  this  equation  is  combined  with  the  following  equation ,  which  is  based  on  the  adhesive 
or  cold  -welding  concept  of  the  origin  of  the  friction  force 

F  =  sA 


where 

F  =  friction  force 

s  =  average  shear  strength  of  the  welded  junctions 
A  =  true  contact  area 

one  obtains 

F  “  P 

or  defining  the  coefficient  of  friction  n  in  the  usual  way 


Surface  oxide  films  are  normally  more  brittle  than  metals,  which  means  that  they  are 
likely  to  crack  and  expose  underlying  metal  if  the  underlying  metal  is  too  soft  to  provide 
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a  firm  support  under  load.  Thus,  the  hardness  and  yield  strength  are  also  important 
in  defining  the  true  contact  area  of  contaminated  surfaces  because  of  their  influence  on 
the  mechanical  integrity  of  the  contaminating  films. 

Item3  13  through  19  deal  with  the  presence,  nature,  and  stability  of  surface  Aims  on 
metals  that  might  prevent  the  metals  from  coming  into  intimate  contact  with  one  another. 
In  the  sense  that  these  surface  films  reduce  the  cold  welding  that  would  otherwise  occur 
on  intimate  contact,  as  illustrated  in  the  experiments  discussed  above,  the  surface  films 
are  natural!}'  formed  lubricating  films ,  and  the  entire  art  of  lubrication  can  be  said  to  be 
an  attempt  to  improve  upon  the  lubricating  films  that  nature  otherwise  provides  in  the 
normal  air  atmosphere.  The  presence  and  nature  of  these  films  will  depend  upon  the 
reactivity  of  the  surfaces  with  the  surrounding  atmosphere  to  form  oxides ,  nitrides ,  or 
other  compounds  tliat  are  held  by  chemical  bonds  or  to  form  physically  adsorbed  gas 
films  that  are  held  by  weaker  van  der  Waals-type  forces.  The  stability  with  which  the 
films  remain  on  the  surface  during  sliding  friction  {item  15)  depends  upon  the  mechanical 
strength  of  the  films  and  their  ability  to  deform  without  cracking  when  the  substrate 
below  them  is  plastically  deformed  (items  16  and  17) ,  on  the  adhesion  of  the  film  to  the 
substrate  (items  17  and  18) ,  and  on  their  thermal  stability  (item  19) . 


Research  also  indicates  that  iriction  is  related  to  the  work  of  adhesion  of  the  contacting 
materials  (Ref.  A.  16) ,  where  the  work  of  adhesion  is  given  by  the  equation 


7u 


y. 


ab 


where 

Wak  -  work  of  adhesion 
y  =  surface  free  energy  of  material  a 
=  surface  free  energy  of  material  b 
yak  =  interface  free  energy 

and  all  quantities  are  for  a  unit  or  area.  High  coefficients  of  friction  occur  for  sliding 
metals  with  high  values  of  W^/p  (i .  e . ,  high  ratios  of  work  of  adhesion  to  hardness) . 


The  last  group  of  items  (23  through  31)  are  the  external  environments  or  service  con¬ 
ditions  under  which  the  metal  combinations  must  operate.  These  environments  affect 


98 


i 


r 


\ 

I 


LOCKHEED  MISSILES  &  SPACE  COMPANY 


SJWBSI 


the  degree  of  cold  welding  principally  by  their  effects  on  the  intimacy  of  contact  between 
the  mating  metals  and  the  temperature  of  the  metal  surfaces  and  asperities.  Most  of 
these  effects  are  fairly  obvious  from  the  previous  discussion.  The  effect  of  atmos¬ 
pheric  pressure  (or  vacuum}  on  the  rate  at  which  contaminating  films  form  on  freshly 
exposed  surfaces  has  already  been  discussed.  The  type  of  motion  is  important  in  its 
effects  on  the  rupture  and  removal  of  surface  films  (easier  under  reciprocating  sliding 
than  rolling)  and  the  exclusion  of  atmospheric  contaminants  from  freshly  exposed  sur¬ 
faces  (exclusion  is  more  complete  with  twisting  than  with  rolling  or  reciprocating 
sliding).  Items  28  and  29  are  important  in  that  they  determine  die  true  contact  area 
and  the  extent  to  which  surface  films  are  ruptured.  The  passage  of  an  electric  cur¬ 
rent  results  in  heating  and  may  also  introduce  polarity  effects  with  certain  types  of 
contaminating  films. 

The  foregoing  discussion  indicates  that  although  theory  is  still  not  adequate  to  predict 
quantitatively  the  adhesion  and  cold  welding  tendencies  of  engineering  alloys  under 
specified  conditions  of  application,  their  quaiitiative  behavior  can  be  reasonably  anti¬ 
cipated  and.  in  some  cases,  quantitative  correlations  can  be  made.  Although  cold¬ 
welding  is  a  complex  phenomenon,  the  important  elements  of  the  behavior  of  metals 
and  surfaces  and  the  effects  of  the  external  environment  have  been  identified. 
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PROPRIETARY  CODE 
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0-10  Versilube  F-50  Chlorophenyl -methyl  General  Electric 

polysiloxane 

0-11  Versilube  F-50,  Chlorophenyl-methyl  poly-  General  Electric 

distilled  siloxane  (Code  0-10)  with 

50%  more  volatile  fraction 


X 


X  X  X  X  X 


'  A' 

■5,0  i 

c  <u  ' 

O  T3 

JS  o 

ao ' 

O  C' 

2  g 
°  S' 
2  -  ■ 

!£■ 

1  8., 


egg 

a  >> 

o  ^ 

E 

<u 

eo  ^ 
•O  2 

Sa 


to 
>>  g 

o  IS 

©  cd  O 

^  £?  an 

cu  P 
Ou  ^  ^ 

3  ®  -2 

<»  <  Q 


c  in 
o  >> 

°o 

o. 

>>  I 
fl  M 

Ja  c 
a  a> 

I  A 

sa 

=?  >> 


eJ2 

to  ^ 
eo  ® 
o. 
*  a 

o 

e  U 

r!< 

s  ® 

o  c 
3  ° 
co  13 
>>  o 

o  g 
a£ 

~i  <u 

C?  1-4 

C  ■+■> 
aj  rt 

a 

a£ 

4->  U 


4*  u  2Z 

®  o  2‘ 
S  g  x 


S3  in 

a>  co 
to  <M 

0)  r-t 
O  5-i  I 

m  ace 
w  ^fa 

wf  S 
£  &  -2 


cm  ^ 

Q)  CO  5? 
to  <n  © 

O  «H  O 
O  5h  I  O 

o  am  X 
^""fa  B- 

m  »"  c  t> 
55  o  o  o> 
o  J*  -rt  i 


w  r,  w 

rH  .2  S> 

!  -M  ■•i 

^2  a 

i  +i  —I 

CO 

O 

CO 

05 

i 

CO 

1 

c 

o 

[1,  C  <» 
£,  0>  <1> 
<y  o  "v 

tv,  C  CO 

S,  a)  <a 
O’  O  T3 

2 

1 

fa 

OJ 

fa 

<y 

<N 

CO 

m 

CO 

rH 

rH 

t 

tH 

■ 

tH 

i 

I— 1 

1 

1— l 

1 

1 

O 

O 

I 

O 

I 

O 

1 

O 

1 

0 

LOCKHEED  MISSILES  8t  SPACE  COMPANY 


polysiloxane  plus  organo- 
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Lifetime  in  Vacuum  at 

Code  Proprietary  Name  Chemical  Type  Manufacturer  Approximately  180°  F 

>  1  Year  <  1  Year 


I 

I 

X  X  X  X  X  X  XX  I 

I 

X 

I 


u 

© 

44 

CO 

© 

q! 


a 

m 

CD 

a 

>» 

44 

s 

•g 

44 

44 

c 

XJ  » 
c  O* 

d 

O 

53 

© 

© 

3 

© 

00 

3  g 

3 

3 

*C 

44 

d 

—4  0 

J2 

•Q 

S3 

JD 

C 

d 

X 

s° 

3 

3 

X 

3 

X 

O 

X 

<3 

sS 

E 

g 

g 

g 

3 

Q 

rj 

X!  c 

0 

0 

O 

O 

.2 

EX 

4U> 

CO 

4-> 

CO 

44 

CQ 

CO 

>4 

O 

3  © 

-< 

3 

3 

3 

. 

« 

X  X 

6 

O 

O 

O 

W 

to 

s 

•N 

Q> 

0) 

2 

5) 

-4-> 

oS  O 

i  s  ■p 


JS 


_  CO  QO 

©  do 

CD  CD 

~4  3  ' 

>J  ©  L3 

44  44  t 

O  CD  •, 

O  0) 

•H  Fj 

Q  Q2 


3 

CD 

-w 

CO 

© 


o 

d 

o 

•H 

CO 

jj 

T 


(4 
©  • 


^  © 

CO  XJ 

•  »-H 

8| 
c 

J*o 

CO  -p 

<y  •>> 

*rt  O 

-  £ 

O  c 

d  fcO  « 

o  .5  .2 

ro  3  ” 

•i  .H  H 

d  d  a) 
-9  -*j  a, 
'  S  co 

3  83 


3 

© 

44 

CO 

V 

XJ 

•H 

O 

d 

o 

•r~( 

CO 

d 

J2 

I 


^  « 

CO  X! 

I  r—rf 

O  3 
co 
©  ZJ 
XJ  ^3 

3  £ 

X-  3 

CO  -p 

<y  >» 

XJ  2 
©  £ 
d  beg 

©  ,g  .2 

«  3  ® 

-f-4  m 

5?,  d  © 
7  *i  D. 
i  S  co 

•.3  o  —4 

Q  o  x 


CO 

o 

•H 

a) 

3 

# 

3 

a 

J3 


>> 

X 

O  CD 

C  X 

©  I* 

•3  44 

a.  73 

1  s  — ^ 
O  C- 

>>jc  t- 

xi  a  i 

CO  CM 

2  o  o 
g  J3  cx> 
o  0*0 


54 

H 


x  r' 

o  £ 

C  04 

.8* 


o 


r4 

00 

CO 

Q 

3 

W 

3 

1 

CM 

O 

00 

O 

1 

&4 

0 

O 

0 

CM 

< 

•H 

co 

O 

•H 

w 

rH 

■  ( 

CO 

u 

3 

1 

O 

•H 

54 

© 

3 

© 

X 

X 

> 

© 

a 

© 

a 

X 

X 

© 

3 

44 

CO 

Vi 

•H 

44 

W 

M 

•H 

X 

D 

W 

O 

W 

Q 

(3 

iH 

CM 

CO 

Tf 

m 

50 

0 

CM 

1 

CM 

| 

CM 

I 

CM 

CM 

1 

CM 

1 

(M 

O 

0 

1 

O 

1 

O 

l 

O 

1 

O 

1 

O 

O  O 
O  O 


*3 

o 

•H 

g 

© 


© 

i 

§ 

•»-« 

co 

•H 

XI 

£ 

o 

4-» 

3 

J3 


£ 


I 

CM 

d 

X 


s 

o 

3 

O 


1 

o 


d 

© 

•H 

8 

© 

x: 


O  O 

©  © 
+>  4-> 

•H 

C  3 

o  o 

54  54 

o  o 


CO  ^ 

£  “ 
0  3 

3 

x>  _ 

-4  00 

X.  CM 


© 


Si  1 
4-»  o 
©  w  © 

I  ©  d 
CM  XJ  S3 

n,  m  °  ® 

®  ®  Q  M 

©  "''x* 

•«  ®  & 

sg  S  o 

^  C5"*  Cq  q 

®  10  x  .2 

©ox 


o  m 

O  r-i 

<m  m 

00  00 

©  © 


o 

54 

O 


00  <3 

(M  CM 


I 

o 


104 


l 

r 


r 


r 


LOCKHEED  MISSILES  &  SPACE  COMPANY 


X 


X  X 


X 


s 

u 

a 

x 

H 

TJ 

§ 

in 

■a 

-*-»  • 

So 


a 

o 

■H 

cd 

G 

O 

a 

u 

o 

O  «J 
o 

m  '«-< 
a  G 
m  <U 

SI 

o  o 


c 

o 

•H 

Id 

G 

a 

g 

o 

o  «j 
o 

(U  •H 

a  G 

m  a 

6 
< 


i. 


a 

O 


•a 

o 

•*4 

2 

a) 

X! 

O 


a 

a 

c 

o 


X  o 

S  o 


a 


a 
— ( 
>> 
O 

a 

*8 

T3 

I 

G 

I 

a 


c 
a 
x : 
a 


<D 

-*-> 

cd 

X 

a 

a 

a 

a 

<H 

>> 

G 

<ti 

•H 

G 

H 


a 

■*■> 

a 

x 

a 

a 

J8 

a 

>> 

g 

a 

•rt 

g 

Eh 


G 

£ 

a 

>> 

a 

bfl 

5 

G 

I 

to 


G 

8  n 
c  a 

o  X! 
a  m 

►h  a 


i 

>> 

o 

•S 

•8 

i 

f 

a 


c? 

a  ® 

a  «! 

,t7  *-« 

Q  a 


o 

05 

a 

X! 

3 

*— < 

3 

a 

O 


o 

IN 

<N 

a 

x 

3 


a 

O 


<N 

tH 

I 

W 

O 


o 

CO 

I 

o 


CO 

I 

o 


IN 

CO 


CO 

CO 

I 

o 


105 

LOCKHEED  MISSILES  &  SPACE  COMPANY 


GREASES  TESTED 


d  A 

go  3 
3  00  <u 
3  ^  Jx 

8 

>  o  V 
+-> 

CJ  °* 

5  £  s 

g-fl  | 

co!h 

•H  J. 

ts  a-1 
«S  a  A 

2< 


XXX 


w  l  t  •«-* 

„  bo  ?  g 

.2  g  b 

3*2 

£ $3  S3 

3  0)  «  rt 

53  pj  w  U 


O  d  O  d 
"2  c  'gc 

Jj  ti  b  t-i 

°3  o  "s  o 

TJ  vm  T3  k-i 

S3  13 

W  O  W  O 


X  X 


o  o 


a  sc 

n  .  «* 

-4  G  00 
^  0)  rH 

G  G  © 
Q)  0)  to 
X  A  Oi 

a  o  i 

’bllG  O 
I 

« 


X 

d 

0) 

*3, 

•H 

J-i 

>4 

o 

o 

H 

53 

a 

u 

3 

CO 

-8 

If 

0) 

CO 

1 

O 

in 

rH 

O 

Q 

a 

53 

0) 

1 

r—4 

o 

G 

G 

G 

#» 

X! 

O 

O 

O 

0) 

A 

u 

u 

>> 

G 

w 

CO 

o 

> 

> 

> 

> 

d 

w 

O 

T3 

0) 

0) 

G 

<D 

0) 

G 

G 

G 

X 

X 

0) 

X! 

G 

0) 

0) 

< 

o 

O 

53 

O 

o 

> 

< 

rH 

<N 

CO 

G* 

lO 

CO 

LOCKHEED  MISSILES  &  SPACE  COMPANY 


MIL-G-25013 

G-8  EG--509  Silicone  oil  with  organic  thick-  Marlin  Rockwell  Corp. 

ener  and  solid  lubricant 


X  XX 


X 


XXX 


r—i 

T3  05 

T3  05 

| 

c 

d 

a  g 

.2  g 

c 

o 

o 

aS 

1  < 

> 

a  05 

a  <n 

cd 

=*  >> 
w  w 

3  >> 

m  w 

s 

o 

Q 

to 

i 

0) 

rfS  c 

A 

«  % 

o 

o. 

4**  fl) 

3 

at 

O 

_  *H 

___ 

O  4J 

05 

m  £ 

rH  ** 

I  cd 

m 

rH 

1 

IS 

C8  o 

J3 

-M 

•pi 

bo  be 
c  c 

•a  *s 

to  to 

o  o 

Q  U 

*  £ 
o  o 
Q  Q 


CO 

a 

CO 

05 

rf 

rH 

o 

rH 

CO 

CO 

B 

m 

i 

rH 

to 

1 

<N 

CO 

05 

CO 

O 

O 

o 

© 

1 

V 

>  S 

o 

Z 

O 

o 

1 

in 

i 

CO 

1 

to 

XS  d 

2 

H 

H 

O 

O 

O 

bJD  4) 

Ph 

S 

S 

W 

<y 

Of 

a  & 

a 

o 

rH 

CO 

CO 

m 

05 

1 

iH 

1 

rH 

i 

rH 

i 

rH 

rH 

rH 

o 

0 

O 

O 

1 

O 

I 

O 

1 

O 

LOCKHEED  MISSILES  &  SPACE  COMPANY 


Oj 

-  u 

I  s 

&  o'" 

>  00  V 


© 

is  A 


o  a 

!  a 
a  o 

u  O 

O 


o  ^ 

iS  f 

Q  PS 


S3  *S 

P  P 


X  X 


O  Jh  o  S— i 

ft  a  a  a 

0)  Ji  ©  Sh 

43  O  43  O 

HO  HO 


•a  s< 

©  0) 

Sh  > 

<0  ^ 
•B  43  S* 
C3  -w 

©  S’? 

•  ■S© 

3  ©  a> 
©  +J  T3 
fa  g  O 

a&u 

o  © 

Sh  Sh  O 

cj  am 

%$<L 


O  © 

Sh  U  O 
CJ  ar-t 


X  X 


w  a 

CO  fl 

a)  B 
S  o 
3  o 

©  b0 
O  (3 

•M  T< 


a  43  «  CD 

sh  w  «Q  o 

2-b'O'S 

H  B  O  -H 

*ag  § 

O  3.2  h 

M3  Sft 


H  a 

.2  °  ’& 
■w  ®  3 

2  c  a 

^  o 

a  o  .2 

to  S  t3 

8"  H 

sh  £  © 

oS  n 

cu  £  < 


X  X 


45 

5 

b0 

«3  Sh 

CO 

6 

o 

TJ 

c 

co  3 

bO 

0) 

-  "S 

•H 

NJ 

Sh  cS 

m 

c  c 

C 

erf 

u 

4-f 

©  o 
a  T! 

oj 

•“«  a  SH  r* 

1  'C>Q  o 

S's<£5  ® 

o  -fa 

r{  5  to  O 

5  7 

»3lg 

■g  a  e3  ^ 

iS  -j  UJ  >» 
S  <  42  42 


.  &  9 

1 1  s 

a  S'  4c 

cS  fa  O 
Sh  O  O 

o  o  m 


o 

-  S 

N  5§ 

C  00 
O  rH 

TJ  §  *« 

<U  -  3 
h  5  u 
<U  O 

ti  c3  ,o 

C  m 

•53  H  S 

d8^  C 

mom 
m  N  T3 


PS  PS 


LOCKHEED  MISSILES  &  SPACE  COMPANY 


TESTS  WITH  DRY  FILM  LUBRICANT 


Code 

Proprietary  Name 

Description 

Manufacturer 

S-l 

Hi-T-Lube 

Coating  of  molybdenum  disulfide 
applied  over  silver  matrix 

General  Magnaplate, 
Inc. 

S-2 

Everlube  811 

Sodium  silicate  bonded  molyb¬ 
denum  disulfide 

Everlube  Corporation 

S-3 

Electrofilm  2396 

Ceramic  bonded  molybdenum 
disulfide 

Electrofilm,  Inc. 

S-4 

Teleflex  S.W.  16 

Molybdenum  disulfide  bonded  by 
low  temperature  curing  ceramic 

Teleflex,  Inc. 

S-5 

Teleflex  S.W.  25 

Molybdenum  disulfide  bonded  by 
low  temperature  curing  ceramic 

Teleflex,  Inc. 

S-6 

Electrofilm  2007 

Silicone  bonded  molybdenum 
disulfide 

Electrofilm,  Inc. 

S-7 

Polychem 

Epoxy  bonded  molybdenum 
disulfide 

Poly  Chem  Company 

S-8 

None 

Proprietary  coating 

Reher-Simmons  Co. 

S-9 

CL6001 

Molybdenum  disulfide  "soft” 
coating 

Lubeco,  Inc. 

S-10 

CL6001A 

Molybdenum  disulfide  "hard” 
coating 

Lubeco,  Inc. 

S-ll 

Coating  904 

Proprietary  molybdenum 
disulfide  coating 

Lubeco,  Inc. 

S-12 

Coating  E  3C 

Plated  molybdenum  disulfide 

Alpha  Molykote,  Inc. 

S-13 

Molykote  Z 

Molybdenum  disulfide  powder 
applied  by  burnishing 

Alpha  Molykote,  Inc. 
(Powder  burnished  by 
LMSC) 

S-14 

Microseal 

Graphite  applied  by  impingement 
process 

Microseal  Products 

S-15 

None 

Proprietary  coating 

Lubrication  Services 

109 


LOCKHEED  MISSILES  6c  SPACE  COMPANY 


